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FOREWORD 

NASTRM  (NASA  STRUCTURAL  MALYSIS)  has  been  available  to  the  public  since 
late  in  1970*  As  a large,  ccmprehensive,  nonproprietary,  genersil  purpose, 
finite  element  computer  system  for  structirral  analysis,  NASTRM  is  finding 
widespread  acceptance  within  NASA,  other  government  agencies,  and  industry. 

NASTRAJI  is  available  to  the  public  at  a cost  of  $1,790»  which  covers 
reproducing  and  supplying  the  necessary  system  tapes.  Furthermore,  NASA  has 
provided  for  the  continuing  maintenance  and  improvement  of  NASTRM  through  the 
estahlislunent  of  a NASTRM  Systems  Management  Office  located  at  the  Langley 
Research  Center.  At  present,  NASTRM  is  in  use  at  over  240  locations,  includ- 
ing NASA  centers,  other  government  agencies,  industry,  and  commercial  computer 
data  centers. 

Because  of  the  widespread  interest  in  NASTRM  and  because  of  a desire  to 
better  serve  the  community  of  NASTRM  users,  the  NASTRM  System  Management 
Office  organized  the  Third  NASTRM  Users'  Colloquium  at  the  Lan<3ley  Research 
Center,  September  11-12,  1973 • (Compendiums  of  papers  frcan  prfvious 
Colloquiums,  I97I  and  1972,  were  published  as  NASA  TW  X-2378  and  NASA 
TW  X-2657»  re&j)ectively. ) The  colloquium  was  planned  to  provide  to  everyone 
concerned  an  opportunity  to  participate  in  a comprehensive  review  of  the  cur- 
rent status  of  NASTRM  use,  unique  applications,  operational  problems,  most 
desired  modifications  including  new  capability,  and  substruct\xring. 

Individuals  actively  engaged  in  the  use  of  NASTRM  were  invited  to  prepare 
paiwrs  for  presentation  at  the  colloquium.  These  papers  are  included  in  this 
volume.  Only  a limited  editorial  review  was  provided  to  achieve  reasonably 
consistent  format  autid  content.  The  opinions  and  data  presented  ar»  the  respon- 
sibility of  the  authors  and  their  respective  organizations. 


Deene  J.  Weidmam,  Conference  Chairman 
NASTRM  Systems  Management  Office 
Langley  Research  Center 
.’laapton,  Va.  2.3665 
Sep '•.ember  1973 
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FUTURE  NSMO  FLAKS  FOR  MAINTENANCE  OP  NASTRAN 

By  Deene  J.  Weidman 
NASA  Langley  Research  Center 


INTRODUCTION 


The  objectives  of  the  NASTRAN  con5)uter  program  system  are  to  provide  a 
general  structural  analysis  capability  for  NASA  centers  and  :njor  NASA  contrac- 
tors and  to  allow  effective  use  of  NASA  structural  analysis  capability  in  other 
agencies  and  industries  thrc'oghout  the  nation.  In  addition,  the  importance  of 
the  ^ace  Shuttle  project  to  the  nation's  space  program  makes  it  imperative  to 
provide  timely  improvements  to  NASTRAN  to  support  analysis  and  design  of  the 
Shuttle  vehicle.  Shuttle  improvements  are  expected  to  have  general  application. 

Use  of  NASTRAN  has  increased  steadily  since  the  second  NASTRAN  Users' 
CoUoquiiun  September  11-12,  1972  (ref.  1) . The  total  number  of  individual  users 
is  now  estimated  to  be  2200,  an  increase  of  about  50  percent  in  the  past  year. 
KASTRj\N  is  known  to  be  installed  at  2^0  computer  sites  in  the  United  States  and 
abroad  as  identified  in  the  following  list: 

9 NASA  centers 

10  Department  of  Defense  sites 
18  Aerospace  ccopany  users 
22  Small  aircraft  company  users 
181  Nonaerospace  users  including  - 
34  Compiiter  company  sites 
9 Automotive  company  sites 
17  Universities 
121  Other  users 

These  estimates  are  based  on  the  NSMD  Newsletter  mailing  list  and  are,  there- 
fore, believed  to  be  somewhat  conservative. 


PLANNED  DEVELOPMENTS 


The  overall  development  plan  for  NASTRAN  is  shown  in  figure  1.  The  four 
items  on  the  left  of  figure  1 are  ongoing  developments  this  fiscal  j'ear.  The 


design  and  coding  for  Level  l6  is  nearly  complete.  Because  substantial  changes 
have  been  incorporated  into  Level  16,  extensive  debugging,  checkout,  and  thor- 
ou^  exercising  of  this  code  are  planned  which  will  lead  to  general  public 
release  about  the  end  of  calendsir  year  197^*  Automated  substructuring,  diag- 
nostics and  DMAP  improvements,  and  other  shuttle  improvements  are  all  fimded  by 
the  Space  Shuttle  project  and  will  not  be  introduced  into  the  standard  KASTRM 
system  until  after  release  of  Level  l6.  A subsonic  flutter  package  has  been 
developed  for  NASTRAN  and  is  operational  in-house.  Plans  call  for  its  instal- 
lation into  the  standard  NASTRAIJ  system  also  after  the  release  of  Level  l6.  A 
long-range  study  of  the  impact  of  fourth-generation  congjuters  on  NASTRAN  is 
being  initiated  in-house  and  may  become  a contract  activity  later. 

Following  fiscal  year  197^^  new  capability  development  will  be  principally 
focused  on  fundamental  improvements  such  as  an  improved  graphics  package,  expan- 
sion of  NASTRAN' s nonlinear  elastic  and  plasticity  capabilities,  and  inccrpora- 
tion  of  some  new  finite  elements.  New  capabilities  will  be  introduced  at  less 
frequent  intervals  than  in  the  past  and  release  of  future  levels  of  NASTRAN  will 
correspondingly  occur  at  a reduced  rate.  Further  into  the  future,  it  is  envi- 
sioned that  there  may  be  a complete  overhaul  of  NASTRAN  (NASTRAN  Il(?))  to  incor 
porate  advanced  finite-element  technology,  to  allow  for  potential  fourth- 
generation  computer  usage,  and  to  take  advantage  of  advanced  techniques  for 
program  organization  and  data  management.  A steady  incorporation  of  efficiency 
improvements  and  error  correction  is  also  necessary  to  keep  a program  system  of 
the  size  sind  complexity  as  NASTRAN  viable. 


CAPABILITY  IMPROVEMENTS  IN  LEVEL  lb  OVER  LEVEL  15 


NASTRAN  Level  l6  will  contain  three  kinds  of  improvements  compared  with 
Level  15:  (l)  new  capabilities  developed  by  others  and  installed  under  contract 

by  NSMD,  (2)  improvements  to  existing  capabilities  in  response  to  aerospace 
industry  requests,  and  (3)  addition  of  some  higher  quality  finite  elements.  The 
first  kind  of  in^jrovement  includes  a feature  which  can  drastically  reduce  input, 
storage,  and  run  times  for  structures  which  have  cyclic  geometric  symmetries,  c. 
module  iirtiich  resizes  once  all  elements  in  a structure  using  a specified  allow- 
able stress  and  a single  stress-ratio  resizing  algorithm,  and  complete  heat- 
transfer  capability  including  conduction,  convection,  and  radiation.  The  second 
kind  of  in5>rovement  includes  an  inproved  differential  stiffness  capability  allow 
ing  iteration,  the  ability  to  output  shear -force  information  in  terms  of  shear 
flows,  the  sorting  of  stress  results  from  various  load  cases  by  element,  and  an 
automation  of  the  partitioning  vector  generation  required  for  substructuring. 

The  third  kind  cf  improvement  includes  isoparametric  solid  finite  elements, 
rigid  elements,  inproved  ring  and  plate  elements,  and  two  improved  quadrilateral 
membrane  elements. 


EFFICIENCY  IMPROVEME^TS  IN  LEVEL  l6  OVER  LEVEL  15 


A large  amount  of  basic  NASTRAK  code  will  be  redone  in  Level  l6  to  provide 
major  improvements  in  efficiency  - reduced  run-time  and  storage  requirements. 
Probably  the  most  extensive  change  will  be  incorporation  of  a new  technique  for 
assembling  stiffness  and  mass  matrices.  Improvements  in  symmetric  matrix 
decomposition,  the  forward  and  backward  substitution,  and  raultiply-add  matrices 
will  be  included,  and  the  multipoint  constraint  and  dynamic  data  recovery  fea- 
tures will  be  improved.  Single-  aind  double-precision  options  'rill  be  included 
for  IBM,  CDC,  and  UNIVAC  conputers.  Improvements  in  input /output  routines  will 
include  string  notation  for  data,  nontransmit  read,  and  random-  and  direct- 
access  features.  Detailed  discussion  of  these  future  efficiency  improvements 
is  contained  in  reference  2. 


NEW  ExIROR  CORRECTION  PROCEDURE 


An  overview  of  the  NASTRAN  error  correction  procedure  is  shown  in  figure  2. 
In  all  cases  of  receipt  of  a user  report,  an  action  is  taken,  and  a reply  letter 
is  sent  to  the  user.  For  each  user -reported  inconsistency,  NSMO  determines  into 
which  of  three  categories  the  report  falls.  Those  reports  that  do  not  appear 
to  be  user  misunderstandings  are  assigned  an  SPR  (Software  Problem  Report)  n\un- 
ber  and  priority  and  then  delivered  to  the  maintenance  contractor  for  evaluation 
and  correction.  A substantial  number  of  SPR's  are  not  "errors"  but  in  reality 
represent  a need  for  improvement  in  the  system. 

The  lower  half  of  figure  2 shows  the  activities  of  the  maintenance  contrac- 
tor for  each  SPR  he  receives.  The  maintenance  contractor  screens  out  any  user 
errors  and  previously  reported  bugs  (PRB) . For  valid  SPR's,  a run  using  the 
user -submitted  deck  is  always  performed  and  the  contractor  determines  the  cause 
of  the  error  and  the  needed  correction.  At  this  point,  figure  2 shows  a pro- 
posed departure  ftrom  current  practice.  An  "ALTER"  form  would  be  gent rated  by 
the  maintenance  contractor  which  specifies  all  code  corrections  needvd  to 
resolve  each  SPR  along  with  information  to  aid  in  installing  the  corrections 
in  users'  decks.  Responsibility  for  making  the  corrections  would  be  the  users  I 
ALTER  forms  might  be  released  at  frequent  Intervals  to  the  user  community  via 
the  NASTRAN  Newsletter.  Evaluation  of  this  and  other  avenues  to  quicker  error 
correction  response  to  users  is  currently  underway;  of  course,  error  corrections 
will  be  incorporated  in  each  new  archive  level  as  issued.  The  final  maintenance 
contractor  tasks  for  each  SPR  are  a validation  r\m  of  the  corrected  code  on  the 
user's  problem  and  any  required  documentation  updates.  Then  NSMS  verifies  the 
successful  completion  of  the  contractor's  tasks  for  each  SPR. 
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CONCLUDING  REMARKS 


NASTRAN  provides  a general  structural  analysis  capability  for  NASA,  NASA 
contractors,  and  other  agencies  and  industries.  In  particTiLar  it  is  expected 
to  support  structural  analysis  and  design  of  the  Space  Shuttle  vehicle.  A 
steady  growth  in  the  general  use  of  NASTRAN  is  evident  with  an  estimated 
50 -percent  increase  in  the  number  of  individ\ial  users  in  the  past  year.  De  ^el- 
opment  plans  call  for  less  frequent  addition  of  new  capability  and  corresponu- 
ing  release  of  futvtre  levels  at  a reduced  rate.  Near  term  focus  in  NSMD  will 
be  to  implement  new  error  correction  procedures  to  improve  commiunication  with 
users  and  speed  \p  the  error  correction  process. 
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Figure  2--  MSTRAW  error  correction  activity. 


REVIEW  OF  NASTRAN  DEVELOPMENT 
RELATIVE  TO  EFFICIENCY  OF  EXECUTION 


By  Caleb  W.  McCormick 
Director  of  Engineering  Analysis 
The  MacNeal-Schwendler  Corporation 
Ljs  Angeles,  California 


SUMMARY 


This  paper  reviews  the  development  of  NASTRAN  relative  to  tne  efficiency 
of  execution,  with  particular  emphasis  on  those  items  which  have  changed  sig- 
nificantly since  the  original  release  of  NASTRAN.  Features  discutsed  include 
main  and  secondary  storage  utilization,  matrix  packing,  matrix  assembly,  matrix 
m.ultiplication,  matrix  decomposition  and  equation  solution.  Also  a brief  look 
into  the  future  discusses  the  questions  of  faster  arithmetic  units  and  more 
effective  storage  utilization.  In  some  cases  the  improvements  i.i  NASTRAN 
efficiency  have  resulted  from  taking  advantage  of  hardware  developments,  while 
in  other  cases  increased  efficiency  has  resulted  from  improvements  in  the  state 
of  the  art  for  data  processing  or  matrix  operations.  The  modular  design  of 
NASTRAN  has  made  it  possible  to  improve  the  efficiency  in  many  parts  of  NASTRAN 
without  changing  the  basic  design  of  the  program. 


INTRODUCTION 


The  main  goal  in  the  original  design  specifications  for  NASTRAN  was  the 
solution  of  large  problems  in  both  statics  and  dynamics.  Although  efficiency 
has  always  been  an  important  consideration,  the  primary  emphasis  in  the  begin- 
ning was  on  the  wide  range  of  problem  types  of  large  size.  However,  it  was 
recognized  that  in  order  to  solve  large  problems,  it  would  be  mandatory  to 
take  advantage  of  sparse  matrix  techniques.  Consequently,  all  of  the  original 
matrix  operations  were  designed  to  utilize  sparse  matrix  techniques.  Siuce  the 
original  release  of  NASTRAN,  a number  of  improvements  have  been  made  in  the 
efficiency  of  the  matrix  routines  by  taking  advantage  of  hardware  developments 
and  improvements  in  the  state  of  the  art  for  data  processing  and  matrix  opera- 
tions. 

Hardware  and  software  limitations  required  that  the  early  versions 
NASTRAN  use  only  sequential  secondary  crage.  The  current  versions  of  NASTRAN 
use  direct  access  devices  for  secondary'  - a^e.  Level  16  will  include  the 
use  of  random  access  coding  in  the  matrl/  nroembly  and  equation  solution  opera- 
tions. The  use  of  multiple  types  of  secondary  storage  devices  will  be  an 
important  development  for  future  releases  cf  NASTRAN. 


T 


Most  of  the  original  code  for  NASTRAN  was  written  in  F0RTRAN  IV  in  order 
to  reduce  both  the  development  costs  and  maintenance  costs.  Machine  language 
was  used  only  in  those  placed  where  it  was  necessary  to  interface  with  the 
resident  operating  systems.  Howtver,  efforts  were  made  to  improve  the  effi- 
ciency of  the  compiled  code  by  care  in  the  use  of  F0RTRAN.  For  example,  in 
the  case  of  nested  D0  loops  it  was  found  that,  for  some  compilers,  the  speed 
of  the  inner  loops  for  multiply-add  operations  could  be  improved  by  a factor 
of  two  by  simply  writing  the  inner  loop  as  a separate  subroutine.  Substantial 
improvements  have  been  made  in  Level  15  and  Level  16  through  the  use  of  machine 
language  in  many  of  the  more  important  matrix  operations.  Even  so,  except  for 
the  transfer  of  information  between  main  storage  and  secondary  storage  and 
the  matrix  packing  routines,  the  use  of  machine  language  has  been  restricted 
to  the  inner  loops  of  the  matrix  operations. 

The  original  anphasis  on  the  solution  of  large  problems  has  caused  NASTRAN 
to  be  relatively  inefficient  for  small- and  medium-size  problems.  Many  of 
the  Level  16  improvements  will  substantially  improve  the  efficiency  of  NASTRAN 
for  the  smaller  problems.  The  main  improvements  in  this  area  are  associated 
with  the  more  effective  use  of  main  storage  and  additional  options  for  the 
matrix  packing  routines. 


MAIN  STORAGE  UTILIZATION 


The  original  design  of  NASTRAN  recognized  the  importance  of  preserving  as 
much  as  possible  of  the  main  storage  for  matrix  operations.  The  overlay  struc- 
ture was  carefully  designed  to  minimize  the  amount  of  code  that  had  to  be 
resident  in  main  storage,  particularly  during  the  operation  of  important  matrix 
routines.  Also,  in  order  to  preserve  the  maximum  amount  of  main  storage  for 
each  matrix  operation,  all  results  were  transferred  to  secondary  storage  prior 
to  the  start  of  a new  major  operation.  This  transfer  of  information  to  and 
from  secondary  storage  placed  a heavy  burden  on  the  matrix  packing  routines 
and  the  associated  read  and  write  routines.  These  routines  have  contributed 
heavily  to  the  relative  inefficiency  of  NASTRAN. 

The  original  design  of  the  overlay  structure  for  NASTRAN  is  still  in  use 
and  there  appears  to  be  no  need  for  major  changes  in  this  area.  The  ineffi- 
ciencies resulting  from  the  transfer  of  information  between  main  and  secondary 
storage  has  been  a source  of  some  concern  and  has  received  extensive  revision 
in  both  Level  15  and  Level  16. 

In  order  to  reduce  the  requirement  for  transfers  between  main  storage  and 
secondary  storage,  Level  16  will  provide  an  option  to  use  a portion  of  main 
storage  for  the  retention  of  data  which  would  otherwise  be  transferred  to 
secondary  storage.  This  option  is  under  the  control  of  the  individual  func- 
tional modules  and  has  been  in^lemented  by  allowing  the  use  of  multiple  buffers 
in  main  memory  by  the  1/0  routines.  This  option  will  be  particularly  effective 
when  relatively  small  amounts  of  frequently  used  information  can  be  retained  in 
main  memory  and  thereby  avoid  excessive  transfers  from  secondary  storage.  A 
strong  candidate  for  using  this  option  is  the  numerical  integration  in  transient 


8 


response  problems,  where  currently  the  triangular  factors  of  the  dynamic  matrix 
must  be  read  from  secondary  storage  at  each  time  step.  If  the  problem  is  not 
too  large,  it  may  be  convenient  to  allocate  sufficient  main  memory  to  hold  the 
triangular  factors  in  main  storage.  This  option  should  also  be  useful  for  non- 
linear problems  where  the  problem  sizes  tend  to  be  small  and  repetitive  opera- 
tions foim  an  important  part  of  the  total  solution  time. 


SECONDARY  STORAGE  UTILIZATION 


All  of  the  transfers  of  infoimation  between  secondary  storage  and  main 
storage  in  the  early  releases  of  NASTRi*J^  used  sequential  access  methods.  Much 
of  the  original  code  was  also  written  in  F0R1RAN,  which  further  contributed  to 
the  inefficiencies.  The  original  dynamic  use  of  files  as  supervised  by  the 
NASTRAN  Executive  System  has  stood  the  test  of  time  and  remains  today  essen- 
tially as  in  the  original  design. 

Sequential  procedures  are  still  used  for  all  write  operations.  However, 
read  operations  may  be  performed  either  by  the  use  of  sequential  procedures  or 
random  procedures.  Two  important  uses  of  the  random  access  procedures  in  Level 
16  are  for  matrix  assembly  and  the  back  substitution  part  of  the  equation 
solution  routines. 


MATRIX  PACKING 


Efficient  operation  with  large  sparse  matrices  requires  an  effective 
packing  scheme  in  order  to  minimize  main  memory  requirements  and  the  time 
required  to  transfer  the  nonzero  elements  from  secondary  storage  devices  to 
the  working  space  in  main  memory.  The  current  matrix  packing  logic  is  similar 
to  that  used  in  the  original  design  of  NASTRAN.  However,  substantial  improve- 
ments in  the  efficiency  were  made  in  Level  15,  including  the  use  of  machine 
language  on  the  IW  versions.  Level  16  will  include  further  improvei.'ents  in 
efficiency,  including  the  use  of  assembly  language  on  the  Univac  version.  The 
Level  16  matrix  packing  routines  will  use  machine  language  on  all  machines  and 
will  be  1-1/2  to  2 times  faster  than  Level  15. 

The  matrices  in  NASTRAN  are  stored  by  coliomns,  and  each  coliimn  constitutes 
a logical  record.  The  first  nonzero  term  in  the  column  is  described  by  an 
integer  indicating  its  row  position  and  the  floating  point  number  describing  its 
value.  If  the  following  term  is  also  nonzero,  only  its  value  is  stored,  and 
in  general  the  position  of  only  the  first  term  in  the  series  of  nonzero  terms 
is  stored.  In  order  to  improve  the  efficiency  when  working  with  strings  of 
nonzero  terms,  the  number  of  nonzero  terms  in  the  string  is  stored  along  with 
the  row  number  of  the  first  nonzero  term  in  the  string.  An  option  is  also  pro- 
vided tc  include  the  row  number  of  the  last  nonzero  term  in  the  string  along 
with  the  number  of  nonzero  terms  in  the  string.  This  option  makes  it  possible 
to  perform  the  backward  substitution  operation  for  equation  solution  in  a 
more  efficient  manner. 
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An  imporr.ant  addition  to  the  packing  routines  in  Level  16  is  a new  non- 
transmit  option.  In  the  case  of  a read  operation,  each  call  for  this  option 
results  in  the-  return  of  the  row  number  of  the  first  nonzero  term  in  the  next 
string  and  the  number  of  terms  in  the  string.  In  the  case  of  a write  operation, 
each  call  returns  the  location  of  the  next  available  space  in  the  NASTRAN  1/0 
buffer  and  the  number  of  spaces  remaining  in  the  current  buffer.  The  using 
routines  can  then  operate  directly  in  the  1/0  buffers,  and  only  the  time  asso- 
ciated with  the  initial  call  for  each  string  is  required  for  the  packing  opera- 
tion. The  time  to  access  a term  or  store  a term  can  be  absorbed  in  the  using 
routine,  as  this  operation  is  required,  even  when  operating  outside  the  buffer. 

For  strings  of  reasonable  length,  the  time  per  term  for  the  nontrrnsmit 
operation  is  very  small  and  may  well  be  ten  or  twenty  times  less  than  the 
transmitting  pack  options.  Tais  option  is  particularly  effective  when  each 
term  in  the  buffer  is  used  for  a single  operation,  such  as  for  direct  transient 
response  or  eigenvalue  extraction  using  the  inverse  power  method,  where  the 
running  times  are  dominated  by  equation  solutions  with  single  right  hand  sides. 
If  the  transmitting  pack  options  are  used  in  these  case*;,  the  running  time  is 
dominated  by  the  packing  times,  which  in  turn  may  be  sjveral  times  the  asso- 
ciated arithmetic  times.  If  the  nontransmit  ojition  is  used,  the  inner  loops 
will  run  at  arithmetic  speed,  and  the  speed  of  operation  with  single  right 
hand  sides  will  be  several  times  faster. 


MATRIX  ASSEMBLY 


The  comparison  of  the  matrix  assembly  mes  for  various  assembly  procedures 
is  indicated  in  Figure  The  initial  strai^nt  portion  of  the  solid  line 
indicates  a linear  growth  of  matrix  assembly  time  with  problem  size  when  the 
complete  stiffness  mate  lx  can  be  held  in  main  memory.  The  curved  portion  of  the 
solid  line  indicates  a rapid  growth  in  matrix  assembly  time  with  problem  size 
when  the  stxfrcess  macrix  is  ussembled  from  element  stiffness  matrices  that 
are  stored  on  e sequential  secondary  storage  device.  The  rapid  growth  in 
matrix  assembly  fl.ae  for  large  problems  was  unacceptable  for  NASTRAN. 

Since  the  large  iratrices  i?  NASTTIAN  require  the  use  of  secondary  storage 
for  assembly,  and  since  only  sequential  access  procedures  were  available  during 
the  initial  development  period,  the  regeneration  procedure  indicated  by  the 
loi.f-dash — enort-dash  line  in  Figure  1 was  used.  In  this  procedure  the  re- 
quired partitions  of  the  element  stiffness  n.-  rices  are  regenerated  at  each 
grid  point  as  rueded.  Consequent'' v»  ^ this  line  is  proportional 

to  the  number  of  grid  points  conn  -utti  to  ->av  «•  I'lement.  As  indicated 

in  Figure  1,  this  procedure  will  S-,  %uua».ior  . the  , age  of  element  matrices 
on  sequential  access  devices  tor  large  p % I'.ir  -.  ^ ua  '.;catlon  of  the  cross-over 

point  will  depend  on  the  ratio  of  the  tico  to  •ie.i'.r  ' a an  element  stiffness 
matrix  to  the  time  required  to  retrieve  t*.  s^'ie  inf..rmation  from  a sequential 
storage  device.  A further  degradation  if,  yu*’Tiiiu  >■  i . occurs  if  all  of  the 
element  generation  routines  cannot  be  • . id  :.n  mt.  «.er;ory  at  the  same  time. 

This  latter  problem  was  not  severe  u »i.e  eaviie'  releases  of  NASTRAN  because 
the  element  library  was  small  and  coi  . ist.. ' of  reiacively  simple  elements. 
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The  dashed  line  in  Figure  1 indicates  a linear  growth  in  matrix  assembly 
time  when  the  element  stiffness  matrices  are  retrieved  from  a direct  access 
secondary  storage  device.  The  slope  of  this  line  is  proportional  to  the  time 
to  generate  the  stiffness  matrix  for  a single  element  plus  the  time  required  to 
retrieve  the  element  stiffness  from  a random  access  device.  A new  matrix  assem- 
bly module  has  been  completed  for  Level  16  in  which  the  element  matrices  are 
generated  for  each  type  of  element  and  stored  on  a random  access  device.  The 
complete  matrix  is  generated  by  assembling  as  many  columns  of  the  matrix  as 
possible  in  packed  form  in  main  memory,  using  random  access  methods  to  retrieve 
the  element  matrices  as  needed.  Since  only  a single  element  routine  is  needed 
in  main  memory  during  the  formation  of  the  element  matrices,  there  is  no 
penalty  for  having  a large  finite  element  library. 

The  new  matrix  assembly  module  also  provides  for  taking  advantage  of 
identical  finite  elements  in  the  model.  In  the  case  of  identical  elements, 
the  element  generation  routine  generates  only  one  matrix  for  each  group  of 
identical  elements.  With  random  access  assembly  procedures,  it  is  a routine 
operation  to  point  to  the  single  element  matrix  each  time  it  is  required  for 
matrix  assembly.  This  procedure  substantially  reduces  the  matrix  generation 
time  when  there  are  large  numbers  of  identical  elements. 

Test  runs  indicate  that  the  central  processor  time  for  the  actual  matrix 
assembly  is  about  the  same  in  Level  16  as  in  Level  15,  even  though  the  element 
matrices  are  retrieved  from  a secondary  storage  device  in  Level  16.  In  other 
words,  the  overhead  for  the  matrix  assembly  operations  in  Level  16  is  very 
small.  The  removal  of  the  requirement  to  regenerate  the  element  matrices  at 
eac?>  connection  will  reduce  the  matrix  generation  time  in  proportion  to  the 
number  of  connected  grid  points.  The  new  matrix  assembler  is  particularly 
important  for  the  new,  higher  order  elements  where  the  number  of  connections 
are  often  greater,  and  the  generation  times  for  the  element  matrices  are  sub- 
stantially greater  than  for  the  elements  in  Level  15. 


MATRIX  MULTIPLY-ADD 


The  use  of  sparse  matrix  multiply-add  routines  i.as  part  of  the  original 
design  of  NASTRAN.  Major  improvements  in  efficiency  were  made  in  Level  15  with 
the  use  of  machine  language  inner  loops  and  improved  logic  for  Method  2.  Level 
16  includes  a new  Method  3 and  inqsroved  logic  for  the  transfer  of  the  packed 
matrix  terms  directly  into  the  working  area  for  Method  2.  The  details  of  the 
multiply-add  operations  are  given  in  the  NASTRAN  Theoretical  Manual. 

The  summary  of  multiply-add  operations  in  Table  1 presents  the  overall 
picture  of  multiply-add  efficiency  in  NASTRAN.  Various  corbinations  of  densi- 
ties of  the  [A]  and  [B]  matrices  are  presented  for  both  the  nontranspose  and  the 
transpose  multiply-add  options.  In  each  case  the  most  efficient  multiply-add 
method  is  given  for  the  particular  combination  of  densities.  The  efficiency 
of  the  inner  loop  for  multiply-add  is  always  proportional  to  the  length  of  the 
strings  of  the  second  operand.  The  total  arithmetic  time  is  always  proportional 
to  the  density  of  the  matrix  containing  the  first  operand,  except  for  the  non- 
transpose  option  of  Method2,  for  which  the  arithmetic  time  is  proportional  to 
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the  product  of  the  densities  of  the  two  matrices.  Although  the  matrix  packing 
operations  contribute  to  the  total  execution  time,  these  packing  times  are  not 
of  primary  consideration  in  the  relative  efficiency  of  the  multiply-add  methods. 

For  either  the  transpose  or  the  nontranspose  multiply-add,  the  summary  in 
Table  1 indicates  that,  when  [B]  is  dense.  Method  1 will  be  selected  regardless 
of  the  density  of  [A].  In  these  cases,  the  arithmetic  times  are  proportional 
to  the  density  of  [A].  Since  [B]  is  assumed  full  in  Method  1,  the  multiply-add 
loop  operates  at  maximum  efficiency.  However,  unless  [B]  is  very  dense,  a large 
number  of  unnecessary  zero  operations  will  be  performed. 

If  [B]  is  sparse.  Method  2 will  always  be  selected  in  the  nontransposc 
case,  regardless  of  the  density  of  [A].  In  this  case  the  arithmetic  time  will 
be  proportional  to  the  product  of  the  densities  of  the  [A]  and  [B]  matrices. 

The  efficiency  of  the  multiply-add  loop  will  be  proportional  to  the  lengths  of 
the  strings  of  the  [A]  matrix.  The  internal  selection  procedures  assume  that 
the  average  length  of  the  strings  in  the  [A]  matrix  is  proportional  to  the 
density  of  the  [A]  matrix. 

For  the  transpose  ca'<e  with  [B]  sparse  and  [A]  sparse.  Method  2 will 
usually  be  selected.  Alt  ough  the  efficiency  of  the  multiply-add  loop  will  be 
low  due  to  the  short  strings  (low  density)  in  [A] , the  number  of  operations 
will  be  proportional  to  the  density  of  [A],  and  the  total  arithmetic  time  will 
be  relatively  short.  If  there  is  sufficient  main  memory  to  perform  Method  1 in 
a single  pass,  the  total  time  will  be  less  than  for  Method  2 because  of  the 
higher  efficiency  of  the  multiply-add  loop.  In  neither  case  is  any  advantage 
taken  of  the  sparsity  of  the  [B]  matrix. 

For  the  transpose  case  with  [B]  sparse  and  [A]  dense,  a new  Method  3 is 
the  most  efficient.  In  this  method  the  [A]  matrix  is  assumed  full  and  the 
multiply-add  loop  operates  at  maximum  efficiency.  Howeve'**,  unless  [A]  is 
very  dense,  a large  number  of  zero  operations  will  be  performed.  The  execution 
time  for  Method  3 is  proportional  to  the  density  of  the  [B]  matrix,  with  no 
advantage  being  taken  of  the  density  of  the  [A]  matrix.  A nontranspose  option 
is  not  provided  for  Method  3,  as  Method  2 handles  all  cases  of  interest  more 
efficiently. 


MATRIX  DECOMPOSITION 


The  storage  and  indexing  procedures  used  in  NASTRAN  for  the  new  symmetric 
decomposition  routine  will  be  discussed  with  reference  to  the  matrix  in  Figure 
2.  Initial  nonzero  terms  are  indicated  by  X's  with  the  O's  indicating  nonzero 
terms  created  as  the  decomposition  proceeds.  The  shaded  terms  indicate  the 
relative  locations  for  nonzero  contributions  to  the  upper  triangular  factor 
when  the  first  row  of  the  matrix  is  the  pivotal  row.  If  there  is  sufficient 
main  sr*«rage  to  hold  all  of  the  shaded  terms,  the  decomposition  may  proceed 
without  the  need  for  writing  intermediate  results  on  secondary  storage.  The 
shaded  terms  in  Figure  3 indicate  the  relative  locations  for  nonzero  contribu- 
tions to  the  upper  triangular  factor  when  the  second  row  is  the  pivotal  row. 

In  this  case  not  only  are  there  more  active  columns,  and  therefore  more  m<iin 
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Storage  is  required,  but  one  of  the  new  active  columns  Ccolumn  8)  is  inserted 
in  an  intermediate  location. 

The  management  of  the  working  storage  for  triangular  decomposition  is 
indicated  in  Figure  4.  The  pivotal  row  and  the  associated  active  column  vector 
are  storeu  in  a separate  space.  The  active  column  vector  contains  the  column 
number  for  each  nonzero  term  in  the  pivotal  row.  The  lower  portion  of  the  main 
working  storage  is  always  used  and  the  amount  is  proportional  to  the  number  of 
active  columns  at  each  stage  of  the  decomposition.  The  amount  of  storage 
required  for  each  of  the  first  six  pivotal  rows  for  the  matrix  shown  in  Figures 
2 and  3 is  indicated  on  Figure  4.  The  shaded  area  indicates  the  storage  space 
required  for  pivotal  rows  1,  5 and  6,  all  of  which  have  six  active  columns. 

At  any  particular  stage  of  the  decomposition,  the  previous  contributions  are 
accessed  according  to  the  number  of  active  columns  immediatly  preceding  the 
pivotal  row,  and  the  results  of  the  current  calculations  are  stored  according 
to  the  number  of  active  colimns  in  the  pivotal  row. 

As  the  decomposition  proceeds,  the  number  of  active  columns  can  increase 
by  any  number  up  to  the  number  of  rows  remaining  in  the  matrix.  However,  if 
it  is  assumed  that  the  number  of  active  columns  will  never  decrease  by  more 
than  one  for  each  new  pivotal  row,  it  is  possible  to  store  the  current  calcu- 
lations dynamically  in  the  same  array  with  previous  calculations  without  inter- 
ference. Tnis  is  equivalent  to  assuming  that  once  a column  becomes  active  it 
remains  active  until  the  column  intersects  the  diagonal  (column  number  « pivotal 
row  number).  This  assumption  will  not  cause  errors  in  the  calculations  but 
will  result  in  the  performance  of  a number  of  zero  operations  and  will  require 
additional  working  space  in  main  storage. 

The  shaded  part  of  Figure  5 indicates  the  nonzero  terms  in  the  upper  tri- 
angular factor  of  a matrix  where  the  original  nonzero  terms  are  indicated  with 
X's.  It  can  be  seen  that  columns  7,  9 and  13  are  terminated  at  row  3,  and 
columns  11  and  14  are  termit.ated  at  row  6.  The  new  matrix  decomposition  routine 
in  Level  16  provides  for  the  termination  of  active  columns  by  changing  their 
status  from  active  to  passive.  Columns  may  also  change  their  status  from 
passive  to  active  as  indicated  in  Figure  5 by  column  9 at  row  7,  or  column  II 
at  row  10.  The  provision  for  passive  columns  reduces  the  number  of  active 
columns  when  row  4 is  pivotal  from  6 to  3,  with  an  associated  reduction  in 
main  storage  requirements  and  the  number  of  arithmetic  operations.  The 
complete  details  of  the  decomposition  procedure  will  be  given  in  the  Level  16 
NASTI^  Manuals. 

The  storage  management  indicated  in  Figure  4 applies  only  when  there  is 
sufficient  working  storage  for  all  of  the  terms  generated  by  the  pivotal  row. 
When  the  number  of  active  columns  exceeds  the  capacity  of  working  storage  space, 
an  automatic  spill  logic  is  provided.  The  overhead  for  the  new  spill  logic  is 
substantially  less  than  provided  in  the  original  matrix  decomposition  routine. 
Both  the  CPU  cost  and  the  number  of  secondary  storage  transfers  have  been 
substantially  reduced.  It  should  be  possible  to  economically  run  large  problems 
with  about  half  as  much  main  storage  in  Level  16. 

In  order  to  improve  the  efficiency  of  sparse  matrix  operation  in  NASTRAN, 
the  inner  loops  are  usually  written  in  assembly  language.  In  general  the  use  of 
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assembly  language  will  reduce  the  number  of  instructions  and  will  allow  for 
more  effective  use  of  the  high  speed  registers.  In  the  case  of  the  new  decompo- 
sition routine,  three  separate  inner  loops  are  provided.  The  differences  in 
the  inner  loops  are  associated  with  the  need  to  combine  the  previously  complotec 
results  in  the  working  storage  space.  Special  provision  is  made  when  no  pre- 
viously calculated  results  need  to  be  combined.  This  applies  to  the  first  row 
of  the  matrix  and  for  all  rows  immediately  following  the  creation  of  passive 
columns.  Special  provision  is  also  made  for  the  c;  -e  of  consecutive  active 
columns.  This  option  improves  the  efficiency  of  indexing  for  band  matrices  and 
when  there  are  large  numbers  of  active  columns  adjacent  to  the  diagonal.  The 
third  loop  provides  for  the  general  case  in  which  a test  must  be  made  inside 
the  loop  for  the  existence  of  previously  calculated  terms. 

The  aim  in  the  NASTRAN  decomposition  routine  has  been  to  provide  a 
general  purpose  routine  which  will  operate  efficiently  for  different  orderings 
of  nonzero  terms,  including  the  cases  of  band  matrices  and  partitioning  or 
substructuring  types  of  matrix  ordering.  The  NASTRAN  decomposition  routine 
has  been  designed  to  take  advantage  of  different  sequences  of  nonzero  terms 
along  with  the  use  of  an  ordinary  step-by-step  elimination  procedure.  Test 
runs  with  square  frameworks  of  2600  order  have  given  improvements  in  running 
time  by  factors  of  2 to  4.  It  is  easy  to  design  problems  which  will  show  sub- 
stantially greater  improvements  in  efficiency,  particularly  if  the  new  spill 
logic  is  used  with  reduced  main  memory  requirements  or  unusual  sequences  for 
matrices  are  employed. 

The  familiar  ordering  for  a band  matrix  of  a square  array  is  shown  in 
Figure  6.  Figure  7 indicates  the  ordering  of  the  same  problem  with  partition- 
ing. In  this  case,  the  square  array  has  been  divided  into  four  partitions 
with  each  of  the  partitions  numbered  first  and  the  boundary  points  numbered 
last.  Figure  8 indicates  the  locations  of  the  nonzero  terms  in  the  triangular 
factor  when  the  square  array  is  ordered  for  partitioning.  The  X*s  indicate 
the  original  nonzero  terms  and  the  0*s  indicate  nonzero  terms  created  during 
the  decomposition  operation.  In  the  case  of  the  band  matrix,  the  number  of 
nonzero  terms  in  the  triangular  factor  is  129,  whereas  Figure  8 contains  only 
102  nonzero  terms.  Since  the  time  for  the  forward/backward  substitution  opera- 
tion is  directly  proportional  to  the  number  of  nonzero  terms  in  the  triangular 
factor,  the  time  for  the  forward/backward  substitution  operation  when  the 
squar'j  array  is  ordered  for  partitioning  is  only  about  80%  of  that  when  the 
array  is  ordered  for  a band.  The  number  of  multiplications  for  the  decomposi- 
tion when  ordered  for  a band  is  294,  whereas  the  number  indicated  in  Figure  8 
is  only  177.  This  indicates  that  the  time  for  the  decomposition  when  ordered 
for  partitioning  is  only  about  60%  of  that  when  ordered  for  a band.  This 
example  indicates  the  kinds  of  savings  that  are  possible  in  decomposition  and 
equation  solution,  when  the  deconqposition  routine  can  locate  the  nonzero  terms 
in  a triangular  f.ccor  in  a routine  fashion.  Even  greater  savings  are  possible 
when  the  partitions  are  not  strongly  connected. 
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EQUATION  SOLUTION 


The  forward/backward  substitution  operation  for  the  new  equation  solution 
routine  in  Level  16  is  performed  by  holding  ?s  many  columns  of  the  right  hand 
side  in  main  memory  as  possible.  The  forward  and  backward  substitution  opera- 
tions are  performed  by  reading  the  triangular  factors  from  secondary  storage 
and  performing  the  indicated  arithmetic  operations.  These  operations  are  per- 
formed in  place,  and  at  the  conclusion  of  the  backward  substitution  operation 
the  solution  vectors  are  stored  in  the  same  locations  as  the  original  right 
hand  sides.  The  nonzero  terms  of  the  triangular  factors  are  located  directly 
in  the  I/?i  buffers  in  strings,  using  the  new  nontransmit  option  of  the  matrix 
packing  routines. 

The  general  procedure  for  the  forward  pass  in  equation  solution  is  indi- 
cated in  Figure  9.  The  operation  for  each  column  begins  by  locating  the  first 
nonzero  string  in  the  lower  triangular  factor.  The  nonzero  terms  of  the  cur- 
rent column  of  the  lower  triangular  factor  are  indicated  by  the  letter  L in 
Figure  9.  Next,  the  associated  term  in  the  first  column  of  the  right  hand 
side  is  tested  for  zero.  If  the  right  hand  side  term  is  nonzero,  the  multiply- 
add  operations  are  performed  for  the  string,  and  the  results  are  stored  in  the 
first  column  in  the  locations  indicated  by  the  number  1 in  Figure  9.  Similar 
operations  are  performed  for  all  columns  on  the  right  hand  side  having  nonzero 
entries  in  the  row  associated  with  the  current  column  of  the  lower  triangular 
factor.  The  X’s  on  Figure  9 indicate  nonzero  operations  exist  in  columns  1, 

2 and  5.  The  results  for  the  second  string  of  the  current  column  in  Figure  9 
are  stored  in  the  locations  indicated  by  the  number  2.  The  forward  pass  is 
completed  by  performing  similar  operations  for  all  columns  in  the  lower  trian- 
gular factor. 

The  brxk  substitution  operation  is  performed  by  reading  the  strings  of 
the  triangular  factor  in  reverse  order.  The  general  procedure  for  the  backward 
solution  is  indicated  in  Figure  10.  Tlie  operation  for  each  row  of  the  upper 
factor  begins  by  locating  the  last  nonzero  string  in  the  current  row,  indicated 
by  the  letter  U in  Figure  10.  The  dot  product  of  the  string  is  made  for  each 
column  on  the  right  hand  side  in  turn,  without  testing  for  zero.  The  location 
of  the  se  ;ond  operand  is  indicated  by  the  number  1 in  Figure  10.  The  partial 
solutions  are  accumulated  in  the  current  row  of  the  right  hand  side,  as  indi- 
cated by  the  X’s  in  Figure  10.  The  backward  pass  continues  by  performing  simi- 
lar operations  for  all  nonzero  strings  in  the  current  row  of  the  upper  trian- 
gular factor.  The  locations  of  the  second  operand  for  the  next  nonzero  string 
of  the  upper  triangular  factor  are  indicated  by  the  number  2 in  Figure  10. 

When  all  of  the  dot  products  have  been  performed  for  the  current  row  of  the 
upper  triangular  factor,  the  solution  will  be  located  in  the  positions  indicated 
by  the  X's.  The  backward  solution  is  completed  by  performing  the  same  opera- 
tions for  each  row  of  the  upper  triangular  factor.  The  final  solution  is  then 
transferred  to  secondary  storage.  If  additional  right  hand  sides  exist,  the 
next  group  of  columns  can  be  transferred  to  main  storage  and  a new  forward  pass 
started. 

It  can  be  seen  that  the  forward/backward  substitution  operation  in  Level 
16  takes  full  advantage  of  the  sparsity  of  the  triangular  factors.  Also,  all 
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terms  in  the  triangular  factors  are  located  directly  in  the  buffers,  so  full 
advantage  is  taken  of  the  string  lotation  and  the  nontransmit  packing  option. 
Full  advantage  is  also  taker  of  the  sparsity  of  the  right  hand  side  in  the 
forward  pass.  Test  runs  with  the  new  equation  solution  routine  show  improve- 
ments in  running  time  by  a factor  of  10  over  those  used  in  Level  15. 


FUTURE  DEVELOPMENTS 


One  of  the  more  important  future  hardware  developments  will  be  the  avail- 
ability of  much  faster  arithmetic  units.  The  improvements  in  speed  will  come 
from  the  use  of  parallel  processors  and  the  use  of  vector  processors.  The 
modular  design  of  NASTRAN  should  make  it  possible  to  take  advantage  of  these 
new  hardware  developments  by  changing  only  the  matrix  operation  routines.  In 
some  cases,  it  may  only  be  necessary  to  change  the  inner  loops  in  the  matrix 
operation  routines.  In  any  event,  the  basic  packing  routines  and  the  string 
notation  should  be  useful  with  these  new  types  of  arithmetic  units. 

Another  important  hardware  development  will  be  the  use  of  high  capacity, 
high  speed,  secondary  storage  devices.  These  high  speed  storage  devices  will 
consist  of  such  things  as  extended  core  storage  devices  and  fixed  head  drums, 
as  well  as  high  speed,  high  density  disc  storage  devices.  The  organization  of 
the  NASTRAN  packing  and  1/0  routines  lends  itself  to  easy  modification  for  use 
with  different  types  of  secondary  storage  devices.  A modification  has  already 
been  made  for  Level  16  to  include  the  use  of  extended  core  storage  devices  on 
CDC  machines. 

The  organization  of  the  NASTRAN  1/0  routines  and  the  use  of  working  storage 
and  main  memory  adapt  well  to  the  use  of  paging  devices,  such  as  are  used  with 
buffer  memories  and  virtual  memory  machines.  The  NASTRAN  matrix  routines  tend 
to  access  blocks  of  information  in  main  memory  in  a sequential  manner.  The  net 
result  is,  that  even  for  large  problems,  only  a small  amount  of  working  space 
needs  to  be  resident  in  main  memory  at  any  one  time.  Furthermore,  particularly 
with  the  new  Level  16  matrix  routines,  the  number  of  transfers  between  main 
storage  and  secondary  storage  have  been  substantially  reduced,  with  a resulting 
reduction  in  the  work  load  for  paging  devices. 


CONCLUSIONS 


The  following  conclusions  are  drawn  relative  to  improvements  in  NASTRAN 
efficiency: 

1.  Most  problems  will  run  at  least  twice  as  fast  on  Level  16  as  Level  IS 
due  to  improvements  in  times  for  matrix  assembly,  equation  solution,  decomposi- 
tion, and  matrix  packing. 

2.  The  use  of  multiple  1/0  buffers  in  main  memory  along  with  the  nontrans- 
mit read  and  write  options  can  make  an  individual  functional  module  competitive 
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with  core  held  programs,  because  no  transfers  to  secondary  storage  are  made  and 
indexing  is  done  directly  into  the  working  arrays. 

3.  The  modular  design  of  NASTRAN  has  made  modification  easy  and  should 
continue  to  make  it  relatively  easy  to  adapt  NASTRAN  to  new  hardware  and  im- 
provements in  the  state  of  the  art  for  matrix  operations  and  data  processing. 
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Table  1.  Summary  of  MPYAD  Operations 
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Figure  2.-  Decomposition  with  first  row  as  pivotal  row 
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Figure  3.-  Decomposition  with  second  row  as  pivotal  row 


Figure  4.-  Compact  working  storage  for  triangular  decoomosition. 
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Figure  8.-  Nonzero  terms  in  triangular 
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NASTRM  BUCKLING  STUDY  OF  A LINEAR  INDUCTION  MOTOR  REACTION  RAIL 

By  Jerry  G.  Williams 

NASA  Langley  Research  Center 
Hampton,  Virginia 


ABSTRACT 


NASTRAN  was  used  to  study  problems  associated  with  the  installation  of 
a linear  induction  motor  reaction  rail  test  track  at  the  Department  of 
Transportation  High-Speed  Ground  Test  Center  near  Pueblo,  Colorado.  Specific 
problems  studied  include  determination  of  the  critical  axial  compressive 
buckling  stress  and  establisionent  of  the  lateral  stiffness  of  the  reaction 
rail  under  combined  loads.  NASTRAN  results  were  compared  with  experimentally 
obtained  values  and  satisfactory  agreement  was  obtained.  The  reaction  rail  was 
foxmd  to  buckle  at  an  axial  compressive  stress  of  J6.6  MN/m^  (11  UOO  Ib/in^). 
The  results  of  this  investigation  were  used  to  select  procedures  for  installa- 
tion of  the  reaction  rail  at  the  Pueblo  test  site. 


INTRODUCTION 


Linear  induction  motor  propulsion  systems  for  high-speed  ground  trans- 
portation vehicles  are  being  tested  by  the  U.S.  Department  of  Transportation 
at  its  High-Speed  Ground  Test  Center  near  Pueblo,  Colorado.  One  of  these 
vehicles,  the  Linear  Induction  Pkstor  Research  Vehicle  (LIMRV)  (see  fig.  l),  has 
a linear  induction  motor  approximately  3 m (lO  feet)  long  which  exerts  axial 
force  against  a vertical  aluminum  reaction  rail  supported  by  conventional 
crossties  of  a railroad  track  (ref.  l).  The  reaction  rail  is  a thin  plate- 
like member  which  is  fusion  welded  into  a continuous  strip  before  claunping  it 
to  the  crossties.  It  experiences  thermal  loads  because  of  ambient  temperature 
variations  and  localized  axial  loads  which  react  the  thrust  of  the  linear 
induction  motor.  The  axial  loads  are  small  in  comparison  to  the  thermal  loads 
and  are  not  considered  in  this  study.  In  addition,  lateral  loads  are  imposed 
on  the  reaction  rail  by  the  gvdde  wheels  of  the  linear  induction  motor.  A 
drawing  showing  the  rail  cross  section  and  its  attachment  hardware  is  pre- 
sented in  figure  2. 

The  expected  reaction  rail  temperature  extremes  at  the  test  center  range 
from  239  K (-30®  F)  to  333  K (lUO®  F).  Since  there  are  no  expansion  Joints 
in  the  reaction  rail,  normal  atmospheric  temperature  variations  cause  the 
rail  stresses  to  chemge  as  a function  of  the  ambient  temperature.  For  example, 
if  the  rail  is  installed  at  333  K,  compressive  stresses  will  not  be  developed 
but  the  tensile  stresses  will  be  high  at  low  temperatures.  A stress-free 
installation  temperature  Tq  between  239  K and  333  K subjects  the  rail  to 
compressive  stress  when  the  rail  temperature  exceeds  Tq  and  tensile  stress 
when  the  temperature  is  lower  than  Tq. 
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Potential  problems  associated  with  compressive  loading  of  the  reaction 
rail,  including  buckling  £?nd  reduced  lateral  stiffness,  have  been  studied  by 
using  NASTRAN  and  by  laboratory  experiments.  A detailed  description  of  experi- 
mental procedures  and  resilLts  is  presented  in  reference  2.  A special-purpose 
finite-difference  solution  to  the  classical  plate  equations  with  appropriate 
boundary  conditions  was  also  formulated  and  these  results  are  presented  and 
compared  with  selected  NASTRAN  results  in  reference  3.  The  current  paper 
presents  additional  results,  provides  details  of  the  NASTRAN  model,  and  makes 
comparisons  between  NASTRAN  and  experimental  results  for  the  critical  buckling 
stress  and  the  lateral  displacement  response  of  the  rail  under  combined  axial 
and  compressive  loads.  Suggestions  are  also  proposed  for  an  improved  reaction 
rail  geometry. 


NASTRAN  MODEL 


A drawing  of  the  NASTRAN  model  used  to  represent  the  reaction  rail  is 
presented  in  figure  3.  A rail  length  of  5-56  m (219  inch)  was  selected  for 
study  based  on  preliminary  NASTRAN  calculations  which  showed  the  critical 
buckling  stress  for  this  length  rail  to  be  nearly  independent  of  the  boundary 
conditions  imposed  on  the  rail  ends.  This  insensitivity  to  end  boiindary  con- 
ditions is  important  since  it  implies  that  it  is  unnecessary  to  define  the 
exact  boundary  conditions  imposed  on  the  ends  of  a typical  section  selected 
from  the  continuous  xong-length  test  track.  Geometric  symmetry  about  the 
specimen  midlength  permitted  the  problem  to  be  represented  analytically  by  a 
model  which  included  only  half  of  the  specimen  length.  A rectangular  network 
of  isotropic  bending  plus  membrane  quadrilateral  plate  elements  (CQUAD2)  was 
used  to  represent  both  the  vertical  web  and  base  flange  components. 

At  any  given  axial  station,  the  rail  vertical  web  was  represented  by 
seven  plate  elements  and  the  base  flange  by  four  plate  elements.  Axially, 
the  half-rail  wus  represented  by  3^  plate  elements.  The  center  two  base 
flange  elements  had  cross-sectional  dimensions  of  ^4.53  cm  (I.785  in.)  wide 
and  1.0  cm  (O.UO  in.)  thick  while  the  two  outer-base  flange  elements  had 
cross-sectional  dimensions  of  1.62  cm  (0.715  in.)  wide  and  0.79  cm  (0.312  in.) 
thick.  The  vertical  web  voids  were  accounted  for  in  the  analysis  by  giving 
the  isotropic  quadrilateral  plate  elements  an  equivalent  bending  stiffness 
of  20.6  kN  m (182  600  in -lb)  which  was  calculated  by  treating  the  web  as  a 
sandwich  plate  a*;d  neglecting  the  separators  between  voids.  This  stiffness 
representation  was  verified  by  comparing  NASTRAN  and  experimental  results 
for  the  lateral  displacement  response  of  a 2.5^  cm  (l  in.)  long  section  of 
rail  loaded  by  a UU5-N  (lOO-lb)  lateral  force  located  at  a height  of  3^+.3  cm 
(13«5  in.)  measured  from  the  rail  base  flange.  NASTRAN  results  compared 
favorably  with  experimental,  measurements  as  can  be  seen  in  figure  k. 

Clamped  boundary  conditions  were  imposed  at  the  rail  end  while  both 
symmetry  and  antisymmetry  conditions  were  considered  at  the  rail  midlength  to 
insure  that  the  lowest  buckling  solution  was  obtained*  The  restraint  to 
displacement  imposed  by  clamps  mounted  to  wooden  crossties  every  O.U83  m 
(19  in.)  along  the  rail  base  flange  wm  modeled  analytically  by  a set  of 
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horizontal  and  vertical  springs  discretely  located  along  the  free  edge  of 
base  flange  elements.  Mathematical  ill-conditioning  was  experienced  under 
certain  c'.iditions  when  the  spring  constants  were  specified  by  a CEL.  SI  data 
card.  This  problem  was  overcome  by  representing  the  spring  constants  by  CROD 
data  cards  in  which  a unit  area  rod  had  the  required  axial  stiffness  and  zero 
torsional  stiffness.  The  horizontal  and  vertical  spring  constant  magnitudes 
were  determined  experimentally  for  the  laboratory  setup  to  be  12.6  and 
75.3  MN/m  per  clamp  (72  000  and  U30  000  Ib/in.  per  clamp),  respectively. 

Details  of  the  technique  used  to  measure  these  properties  are  reported  in 
reference  2.  For  comparison,  calculations  were  also  made  assuming  the  clamps 
to  be  fully  restrained. 

Axial  stress  was  thermally  introduced  into  the  NASTRAN  model  as  a result 
of  restraining  the  rail  ends  against  axial  displacement  and  introducing  a near 
isothermal  temperature  increase.  Lateral  loading  was  introduced  by  applying 
a concentrated  load  at  the  model  midlength  and  15.2  cm  (6  in.)  below  the  top 
edge  of  the  rail.  Calculations  were  made  with  NASTRAN  level  I5  version. 
Buckling  solutions  were  obtained  by  use  of  the  inverse  power  method  of  eigen- 
value extraction  (rigid  format  5)  and  lateral  stiffness  calculations  were 
made  by  use  of  the  differential  stiffness  capability  (rigid  format  4). 

As  a check  on  modeling  and  problem  formulation,  the  axially  loaded 
classical  plate-buckling  problem  in  which  the  two  vertical  ends  and  the  lower 
edge  are  clamped  and  the  upper  edge  is  free  was  solved  using  NASTRAN.  The 
plate  size  and  model  characteristics,  except  for  the  difference  in  lower 
edge  boundary  and  absence  of  the  base  flange,  were  identical  to  those  for  the 
rail  problem.  The  NASTRAN  finite-element  solution  showed  almost  exact  agree- 
ment with  the  known  solution  (ref.  4).  This  agreement  gave  confidence  that 
the  mudel  was  well  formulated  and  that  grid-point  spacing  was  sufficiently 
refined. 

Typical  Langley  Research  Center  costs  to  compute  the  critical  buckling 
stress  for  the  reaction  rail  model  which  had  approximately  2000  degrees  of 
freedom  using  a CDC  66OO  computer  was  $325.  This  cost  included  approximately 
1700  CPU  seconds  and  28OOO  0/S  calls  and  was  run  at  a field  length  of  155  OOOg. 
Lateral  stiffness  calcxilations  cost  approximately  $220  and  included  approxi- 
mately 1250  CPU  seconds  and  18OOO  0/S  calls. 


EXPERIMENT 


The  laboratory  test  setup  involved  clamping  a 5-56-m  (219-in.)  length  of 
reaction  rail  to  the  center  line  of  wooden  crossties  spaced  every  0.483  m 
(19  in.)  in  a fashion  representative  of  the  field  installation  method.  This 
length  included  a 33-cm  (5-in.)  section  at  each  end  of  the  rail  between  the 
last  base  flange  clamp  and  the  end  fixture.  Clamped  boundary  conditions  were 
imposed  at  the  rail  ends.  Rail  crossties  and  clamp  hardware  were  taken  from 
stock  used  in  the  Pueblo  field  installation.  Axial  compressive  stress  in 
the  rail  was  developed  by  restraining  the  ends  against  axial  displacement  and 
heating  the  rail  in  a near  isothermal  manner  using  radiant  heater  panels. 
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Thermocouples  were  used  to  measxire  the  rai3  temperature,  strain  gages  were 
used  to  detenaine  stresses,  and  linear  voltage  differential  transducers  (LVDT) 
were  used  to  measure  lateral  displacements . j~.ie  electronic  output  was 
recorded  automatically  and  stored  on  magnetic  tape  for  later  reduction.  A 
detailed  description  of  the  test  technique  is  reported  in  reference  2 and  a 
photograph  of  the  laboratory  setup  is  presented  in  figure  5- 

Buckling  and  lateral  stiffness  experiments  were  conducted  on  each  of  two 
reaction  rail  specimens.  Prior  to  each  test,  the  rail  was  surveyed  and, 
when  necessary,  shims  were  used  to  obtain  the  desired  conditions  of  straight- 
ness. A brief  description  of  these  two  experiments  is  presented  below. 


Buckling  of  a "Well-Alined"  Rail 

In  this  test  the  specimen  was  heated  to  induce  axial  compressive  stress 
mtil  large  lateral  deformations  were  observed.  The  term  "well-alined"  indi- 
cates a specimen  which  was  installed  as  nearly  straight  on  the  test  bed  as  was 
practical.  Typically,  the  upper  edge  and  base  flange  were  laterally  alined 
within  ±0.38  mm  (±0.015  in.)  and  ±0.13  mm  (±0.005  in.),  respectively,  of  a 
straight  line  drawn  through  the  end  points  of  the  rail.  This  arrangement  is 
considerably  better  than  that  normally  achieved  in  the  field.  The  purpose  of 
this  experiment  was  to  define  the  rail  buckling  stress  and  mode  shape  and  to 
determine  whether  large  lateral  deformations  are  elastic. 


Lateral  Stiffness  Test 

This  test  involved  applying  a lateral  point  load  at  the  rail  midlength 
and  15.2  cm  (6  in.)  below  the  top  edge  in  combination  with  selected  magnitudes 
of  axial  stress.  The  pvapose  of  this  experiment  was  to  determine  the  lateral 
stiffness  of  the  rail  as  a function  of  the  applied  axial  compressive  stress. 
Lateral  stiffness  as  used  in  this  report  is  defined  as  the  ratio  of  the  lateral 
point  load  to  the  lateral  displacement  at  the  point  of  application  of  the  load. 


RESULTS 


Buckling 

Theoretical  and  experimental  buckling  results  for  a "well-€ilined"  rail 
are  presented  in  table  I.  Two  NASTRAN  solutions  are  presented,  ona  in  which 
the  base  flange  clamps  were  spring  supported  «md  the  other  in  which  the  base 
flange  clamps  were  fully  restrained  (displacements  and  rotations  set  equal 
to  zero).  The  critical  buckling  stress  for  the  cage  in  which  the  flange  clamps 
were  spring  supported  is  86.2  MN/m^  (12  5000  Ib/ic^)  which  is  approximately 
7 percent  lower  than  the  solution  in  which  the  bsse  flange  clamps  were  fully 
restrained.  In  both  cases  the  lowest  buckling  stress  was  obtained  with 
symmetry  boundary  conditions  imposed  at  the  specimen  midlength. 
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The  experimentally  obtained  critical  buckling  stress  was  78.6  MN/m® 

(11  i*00  Ib/in^)  which  is  9 percent  lower  than  the  NASTRAN  spring-supported 
clamp  solution.  The  experimental  value  corresponds  to  a rail  temperature  rise 
of  I49.I  K (88. F)  from  a stress-free  state. 

The  classical  bucKling  solution  of  a rectangular  plate  with  properties 
identical  to  the  rail  vertical  web  which  is  clamped  on  the  ends  and  free  on 
the  top  edge  is  37.0  MN/m^  (5^00  Ib/in^)  for  the  lower  edge  continuously 
simply  supported  and  111.4  MN/m^  (16  200  Ib/in^)  for  the  lower  edge  continu- 
ously clamped  (ref.  2) . These  two  extremes  in  boundary  conditions  bracket  the 
base  flange  support  conditions  and  the  reaction-rail  base  flange/clamp -support 
system  results  fall  approximately  midway  between  the  results  for  the  continu- 
ous simple  support  and  clamped  conditions. 

A comparison  of  NASTRAN  and  experimental  results  for  the  buckling  lateral 
displacement  of  a line  2,54  cm  (1  in.)  below  the  rail  upper  edge  is  presented 
in  figure  6.  The  axial  distance  from  the  center  line  is  normalized  by  the 
rail  height  (0.533  m (21  in.))  and  lateral  displacements  are  normalized  by  the 
maximum  displacement  magnitude  (which  occiirs  at  the  top  edge  and  center  of 
the  rail).  The  experimental  mode  shape  is  not  symmetric  about  the  center 
line,  but  is  biased  to  the  right.  This  irregularity  may  have  been  caused  by 
veuriations  in  base  flange  support  conditions.  Both  NASTRAN  and  experimental 
results  exhibit  a buckling  mode  shape  of  five  half-waves  for  the  5*56  m 
(219-in.)  long  specimen.  The  midspan  half-wave  length  given  by  both  NASTRAII 
and  the  experiment  was  approximately  1 m (39*^  in.).  A photograph  of  the 
buckled  rail  is  presented  in  figure  7. 


Lateral  Stiffness 

The  normal  operating  clearance  between  the  linear  induction  mc^or  and  the 
reaction  rail  is  only  2.22  cm  (0.875  in.)  which  sets  an  upper  limit  on  the 
permissible  peak-to-peak  amplitude  of  lateral  displacements.  The  lateral 
stiffness  of  the  reaction  rail  is  important  not  only  to  static  load  consider- 
ation but  also  to  the  dynamic  performance  of  the  LIMRV.  Although  this  study 
addresses  only  the  static  behavior  of  the  reaction  rail,  rail  properties 
necessary  for  conducting  a dynamic  analysis  were  obtained.  As  indicated 
earlier,  later'  stiffness  is  defined  as  the  ratio  of  the  lateral  point  load 
to  the  lateral-  deflection  produced  at  the  point  of  application  of  the  load. 

The  point  lateral  load  in  this  study  was  located  at  the  center  of  the 
specimen  and  15.2  cm  (6  in.)  below  the  rail  upper  edge.  The  vertical  location 
was  selected  to  coincide  with  a position  half-way  between  the  upper  and  lower 
guidance  wheels  at  one  end  of  the  linear  Induction  motor.  Experimentally, 
loads  of  up  to  7580  newtons  (1700  lb)  were  applied  and  lateral  displacements 
as  great  as  J .9  cm  (0.75  in.)  were  experienced.  In  all  cases  the  rail 
elastically  reacted  the  loads  and  returned  to  its  original  configuration  ujton 
release  of  che  load. 


The  variation  in  lateral  spring  constant  with  axial  compressive  stress 
is  presented  in  figure  8.  The  experimental  results  show  a lateral  spring 
constant  of  820  kN/m  (4680  Ib/in.)  at  zero  stress  which  decreases  neaily 
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linearly  to  a value  of  350  kF/w  (2000  Ib/in.)  at  an  axial  compressive  stress 
of  7^*5  MN/m^  (10  800  Ib/in'^K  The  NASTRAN  solution  in  vhich  the  base  flange 
clamps  were  fully  restrained  is  only  slightly  lower  th'm  the  experimental 
result  (e.g.,  by  only  5 percent  for  zero  axial  stress).  The  effect  of 
representing  the  clamps  by  horizontal  and  vertical  springs  is  to  reduce  the 
lateral  stiffness  by  approximately  6 percent  over  the  fully  restrained 
condition. 

The  lateral  displacemt  t of  the  vertical  portion  of  the  rail  corresponding 
to  35.6  MN/m^  (^l60  Ib/in^)  axial  stress  and  a lateral  load  of  Ulil+8  N \1000  lb) 
obtained  using  NaSTRAK  is  presented  in  the  displacement  contour  plot  of  fig- 
ure 9-  Displacements  have  been  normalized  with  respect  to  the  maximum  ampli- 
tude which  has  been  scaled  to  a value  of  100.  The  maximum  amplitude  is 
approximately  1.1^*  cm  (O.I45  in.)  and  occurs  at  the  midlength  and  upper  edge 
of  the  rail.  In  this  NASTRAN  solution,  the  clani^  were  modeled  as  horizontal 
and  vertical  springs. 

In  addition  to  reducing  the  rail  lateral  stiffness,  axial  compressive 
stress  also  affects  the  lateral  displacement  field  of  a laterally  loaded  rail. 
This  effect  is  shoim  in  figure  10  in  which  the  lateral  displacements  of  a 
line  located  2.5^  cm  (l  in.)  below  the  upper  edge  are  plotted  for  three 
magnitudes  of  axial  stress  in  combination  with  a lateral  load  of  kkhj  N 
(1000  lb).  An  increase  in  the  applied  axial  stress  causes  an  increase  in 
the  maximum  displacement  amplitude  and  a decrease  in  the  midspan  effective 
wave  length.  As  the  axial  compressive  stress  approaches  the  buckling  stress, 
the  combined  load  results  in  a distorted  five  half-wave  buckled  mode  shape 
biased  in  the  direction  of  the  applied  lateral  load.  NASTRAM  and  experimental 
results  are  in  good  agreement  for  an  axial  stress  of  zero  and  35.6  KK/m^ 

(5160  Ib/in^).  Experimental  resiilts  are  not  available  for  an  axial  stress 
of  71«2  MN/m^  (10  300  Ib/in^)  since  HltS  N (1000  lb)  lateral  load  in  combina- 
tion witn  this  axial  load  would  have  resulted  in  unacceptably  large  lateral 
displacements.  Lower  magnitudes  of  lateral  load  for  this  axial  stress,  how- 
ever, did  establish  the  distorted  five  half-wave  pattern  indicated  by  the 
NASTRAN  solution. 


iBiproved  Rail  Design 

A peurametric  study  was  made  to  determine  the  increase  in  the  critical 
buckling  stress  resulting  from  an  increase  in  the  bending  stiffness  of  the 
lower  portion  of  the  rail  vertical  web.  The  portion  considered  was  the  lower 
one-se\enth  of  the  vertical  web  (7.62  cm  (3  in.)  measured  from  the  vertical 
web/base  flange  intersection) . Results  of  this  study  ere  presented  in 
figxire  11  where  the  reference  bending  stiffness  and  the  reference  critical 
buckling  stress  are  those  of  the  previously  described  model. 

A 25-percent  increase  in  the  critical  buckling  stress  is  obtained  by 
increasing  the  bending  stiffness  by  a factor  of  8,  Xhis  increase  can  be 
accomplished  for  the  subject  rail  by  taking  the  same  cross-sectional  area  and 
increasing  the  total  thickness  of  the  lower  portion  of  the  vertical  web  to  a 
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aimension  cf  approximately  5.^  cm  (?,2  in.)*  This  approach  .^ay  have  merit  in 
the  ^^eometric  design  of  futijire  reaction  rails  which  react  to  compressive 
loading  suhiect,  of  course,  to  geometric  constraints  imposed  by  the  linear 
induction  motor. 


CONCLUDING  REMARKS 


Satisfactory  agreement  was  achieved  between  NASTRAN  and  experimental 
results  for  the  buckling  load,  buckling  mode  shr..pc  , latereJ  displacement 
response  to  a point  lateral  load,  and  latera"  stiffness  of  the  reaction  rail 
as  n function  of  axial  load.  Parametric  studies  of  the  stiffness  of  the 
lowe'^  portion  of  the  reaction  rail  indicate  substantia]  improvements  can  be 
obtained  in  the  critical  buckling  stress  by  increasing  the  lover  portion 
bending  stiffness. 

The  results  of  this  investigation  show  that  substaTitial  axial  compressive 
loads  can  be  carried  by  the  LIIiRV  reaction  rail  without  buckling.  Furthermore, 
lateral  deformations  up  to  1.9  cm  (0.75  in.)  are  elastic  and  disappear  upon 
release  cf  the  imposed  loads.  The  latter  result  means  that  even  if  the 
reaction  rail  is  installed  at  a stress-free  temperature  which  is  later 
exceeded  by  sufficient  magnitude  to  cause  buckling,  the  event  is  not  cata- 
strophic if  test  operations  are  suspended  for  this  interim  period. 

Based  on  these  resultr. , the  recomTnandat  1 on  was  given  the  Department  of 
Transportation  that  the  LIMRV  reaction  rail  test  track  be  insicall^d  at  a 
stress-free  temperature  of  around  297  K (75^  F).  The  predicted  buckling 
temperature,  based  on  a 78.6-MN/m2  (11  hoo-lb/in^)  buckling  stress,  would  then 
be  3^0  K (163®  F)  which  is  higher  than  the  rail  cnn  experience  through  solar 
heating  at  the  test  center.  Tliis  recuramendatica  was  adopted  by  the  Department 
of  Transpo’*tation  in  the  fall  of  1972  in  the  installation  of  the  Pueblo  test 
track.  Successful  operation  of  the  LIMRV  has  been  in  progress  since  that 
time  with  no  problems  encountered  with  the  reaction  rail. 
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Figure  5.  Experimental  test  setup. 
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M HIGH  STRAINS 
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KLEBER  COLOMBES,  Theoretical  Tire  Engineering, 
COLOMB5S,  France 


SUMMARY 


A numerical  analysis  is  presented  for  the  problem  of  a flat  rectangular 
rubber  membrane  with  a circular  rigid  inclusion  undergoing  high  strains  due 
to  the  action  of  an  axial  load.  The  neo-hookean  constitutive  equations  are  in- 
troduced into  the  general  purpose  TITUS  program  by  means  of  equivalent  nookean 
constants  and  initial  strains.  The  convergence  is  achieved  after  a ftw  itera- 
tions. The  method  is  not  limited  to  any  specific  program.  The  results  are  in 
good  agreement  with  those  of  a Company  sponsored  photoelastic  stress  analysis 
The  theoretical  and  experimental  deformed  shapes  also  agree  very  closely  with 
one  another.  For  high  strains  it  is  demonstrated  that  using  the  convention il 
HOOKE  low  the  stress  concentration  factor  obtained  is  unreliable  in  the  case 
of  rubberlike  material. 


INTRODUCTION 


The  structure  of  a radial  motor  vehicle  tire  is  made  up  of  two  types  of 
components  namely  the  reinforcing  cords  and  the  rubber.  The  most  immediate 
problem  ii.  tire  stress  analysis  is  that  of  the  large  displacements  in  the  in- 
flated tire  descriced  in  a previous  paper  (Reference  1).  It  appears  that  the 
mors  important  components  are  the  reinforcing  cor-^s  allowing  the  tire  to  take 
a stable  inflated  shape.  This  particular  problem  can  now  be  considered  as 
solved. 

However,  in  order  tvO  solve  the  complete  problem,  the  rubber’s  behavior 
must  also  be  adequatly  analyzed  by  means  of  an  as  economical  as  possible  modi- 
fication of  existing  programs.  Up  until  now.  this  vary  challenging  problem  of 
non  linear  material  behavi.'>r  and  incompressibility  has  only  been  solved  in  a 
few  special  cases  (Reference  2). 

The  aim  of  the  present  work  is  to  stress  analyze  the  rubber  parts  of  the  tire 
by  using  NASTRAN  and  TITUS.  A test  specimen  encompassing  a rigid  inclusion  is 
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c.jli'.ulolcd  In  ufuaxiol  f^xtpnslrjn  and  the  resulto 
[jhnLijniLisLiclly.  Thn  nxp«ir  linnntal  evidence  shows 
these  methods  now  availolUe  to  the  designer. 


am  comparc.'d  with  ttiosc*  ni 
ttu:  limits  [d'  validity  fjf 


SYflBOLS 


(K)  Stiffness  matrix,  Nm 

(B!  Matrix  relating  strain  to  nodal  displacements,  mm/mm 

A Surface  of  the  membrane  element,  m2 

(D)  Constitutive  law  in  matrix  form,  Nm‘2 

^ Stress,  Nm“2 

^ Strain,  mm/mr. 

6^  Initial  strain,  mm/mm 

V POISSON'S  ratio,  (no  units) 

W Clastic  potential  per  unit  volume  of  the  unstrained  body,  Nm"2 

C>|  and  C2  Constants  of  MOONEY,  Nm‘’2 

li  Strain  invariants,  i = 1,?  and  3,  (no  units) 

(E)  Neo-hookean  constitutive  law  of  a membrane  in  matrix  form,  Nm'^ 

0^  Initial  hydrostatic  stress  of  a rubber  membrane,  Nm“2 

u Displacement,  m 

(T^  and  ^2  Principal  stresses  in  the  middle  plane  of  the  membrane,  Nm'“2 

^ Radius  of  curvature  of  the  transverse  isostatic,  m 

s Curvilinear  abscissa,  m 

(T  Normal  stress  tangent  to  the  edge  of  the  d*isc,  Mm“2 

C PhotoBlastic  material  constant, 

a Radius  of  the  disc,  m 

Subscripts : 

T transposed 

t true 

y coordinate  perpendicular  to  the  loaJ  axic.  centered  tn  the  middle  of 

the  inclusion 

y coordinate  along  the  load  axis  centered  in  the  middle  of  the  inclu- 

sion 


GENERAL  APPROACH 


HOOKERS  LAW 


The  elementary  tests  carried  out  show  that  for  the  material  under  consi- 
deration HOOKE'S  law  applies  in  relating  true  stress  ♦ to  strain  even  in  the 
3b  \ mm/mm  range.  Thus,  it  may  be  assumed  tentatively  that  the  non  linearity 
of  the  rubber's  constitutive  law  is  only  the  result  of  the  large  displacements 
experienced  by  the  rubber. 


Stiffness  matrix 

The  stiffness  matrix  of  the  membrane  plate  element  used  can  be  written 
(Reference  3)  : 

(k)  = (B'j  X (0)  X (B)  X A X d 

d Thickness,  in 

A Surface  of  the  membrane  element,  m2 

(B)  Matrix  relating  strain  to  displacement,  miri/mm 

(0)  Constitutive  law,  Nm'2 

As  a result  of  the  incompressibility  condition  A d = const.  The  accuracy 
of  the  forces  and  the  displacements  depends  on  the  accuracy  of  the  terms  R and 

D. 

Definition  of  D 


Experimentally  the  uniaxial  law  is 

Cr^  = E £.  where  E is  YOUNG'S  modulus 

As  a result  <T  must  be  replaced  by  in  the  equations.  The  only  remain- 
ing term  that  has  to  be  calculated  in  the  course  of  the  extension  of  the  spe- 
cimen is  B.  Thus,  this  problem  would  seem  to  be  identical  to  that  of  the  large 
displacement  problem. 


• The  true  stress  Is  computed  per  unit  section  area  of  the  deformed  body 
whereas  the  conventional  stress  is  computed  per  unit  section  area  of  the 
undeformed  body . 
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In  the  case  of  rubher.  however,  it  is  well  known  that  there  is  an  addi- 
tional, pressure  type,  term  "p"  in  the  constitutive  equation.  Tn  eliminate 
"p".  renrescncod  by  (PI  je,}  above,  an  additional  equation  in  terms  nf  dis- 

placements must  be  written  for  each  element.  NASTRAN  with  its  scalar  element 
can  handle  such  an  equation.  The  resulting  data  input  problem  is  however  very 
cumbersome.  Thus,  this  solution  may  be  uneconomical  for  every  day  use. 

In  order  to  demonstrate  the  existence  of  "p"  a large  displacement  calcu- 
lation was  carried  out  with  6,  = 0 and  V>  = .5.  Thu  largest  transverse  dis- 

placement along  the  x-axis  passing  through  the  middle  of  the  inclusion  was 
13  % in  error  relative  to  the  experimental  values.  This  error  was  much  larger 
than  the  one  obtained  by  means  of  the  theory  developed  below. 


MOONEY-RIVLIN  CONSTITUTIVE  LAW 


The  most  common  type  of  rubber  material  behavior  equation  is  that  of 
Mooney-Rivlin  (Reference  4).  Considering  that  W is  the  elastic  potential  mea 
sured  per  unit  volume  of  the  unstrained  body  the  postulated  function  is 

W = (I^  - 3)  ♦ (I^  - 3) 

I^  are  the  strain  invariants  (i  = 1,2) 

C,,  C.,  are  the  constants  postulated  by  Mooney. 

I tL 


The  theory  of  plane  stress  of  very  thin  membranes  applies  to  the  rubber 
specimen  considered  here.  The  deformations  are  symmetric  about  the  middle 
plane  of  the  body  and  are  essentially  uniform  throughout  the  thickness.  The 
pressure  type  component  "p"  is  eliminated  because  in  the  present  problem  the 
normal  stress  perpendicular  to  the  specimen's  surface  is  zero.  Large  displace- 
ment equations  are  used  in  the  0 matrix. 


The  equations  obtained  are:  (<r)  = (E)  (t.)  ♦ 


<j  are  defined  at  points  in  the  deformed  body,  but  are  measured  per  unit 
area  of  the  undeformed  body. 

The  E and  o;  are  functions  of  not  only  and  C2  but  also  of  Exx*  tyy  ^xy 
The  matrix  E is  positive  definite  in  the  strain  range  considered. 


In  uniaxial  extension  the  above  equations  in  terms  of  true  stresses  must  be 
Identical  to  the  well  Known  equation  (Reference  5)  : 


and 


1 + 


1 

f-v* 


where  V * .5 


This  happens  only  if  C2  is  zero  and  the  de*  .'mations  are  limited  in  size.  Such 
a material  is  called  neo-hookean.  The  constant  C-|  is  determined  by  means  of 
the  latter  equations  in  an  uniaxial  elementary  extension  test.  C,,«.71  MN  m‘2. 
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The  solution  of  the  equations  is  carried  out  by  using  an  equivalent  se- 
cant modulus  method.  The  full  load  is  applied  in  this  trial  and  error  approach. 
The  first  solution  in  obtained  by  the  hooKean  constitutivu  Kiw  whi.'rf!  <Jg  is  set 
at  /niu. 


NASTRAN  AND  TITUS  ANALYSIS 

The  program  of  J.T.Oden,  0K1,  (Reference  6),  is  designed  for  analyzing 
rubbcrliKo  material.  Thus  it  came  under  consideration  first,  but  it  can  only 
analyze  plane  strain  plates  whereas  our  problem  is  a plane  stress  problem  ♦ . 

The  solutions  obtained  by  the  TITUS  and  NASTRAN  programs  have  been  compa- 
red at  the  first  iteration.  TITUS  uses  isoparametric  quadrilateral  membrane 
elements  while  NASTRAN  has  constant  stress  CODMEM  elements.  The  sti esses  differ 
only  by  2 %.  However  the  difference  between  the  displacements  of  t ;-\5Tf!AN  as 
compared  to  those  of  TITUS  was  4 %.  The  results  of  NASTRAN  were  much  further 
away  from  the  experimental  ones  than  those  of  TITUS.  In  this  particular  case 
the  CPU  computation  time  was  50  s for  TITUS  and  84  s for  NASTRAN  using  UNIVAC 
1108  (EXEC  8). 


MODIFICATION  OF  TITUS 


The  TITUS  program  was  developed  in  France  by  CITRA  now  called  SPIEBATI- 
GNOLLES  Inc.  Because  of  the  proximity  of  the  development  team  it  was  easy  to 
modify  the  program.  By  means  of  a minor  modification  it  is  possible  to  calcu- 
late the  modulus  E and  CT^  internally  elementwise  at  each  iteration  with  the 
help  of  C-j  and  the  strains. 

The  test  of  convergence  was  carried  out  by  comparing  the  arithmetic  mean 
of  the  displacements  obtained  at  each  iteration.  At  lower  loads  (9.8  - 19.6  N) 
the  convergence  was  achieved  after  about  six  itaiatious  whereas  at  29.4  N ten 
iterations  were  needed.  In  the  first  case  the  computation  time  was  84  s CPU 
on  UNIVAC  1108  (Exec  8). 


MODELING  OF  THE  PLATE 


The  finite  element  idealization  of  the  membrane  encompasses  107  nodal 
points  and  84  quadrilateral  elements.  In  order  that  the  theoretical  solution 
and  experimental  results  could  be  satisfactorily  compared,  the  three  loading 


In  linear  elasticity  plane  strain  and  plane  stress  problems  are  conjugate. 
This  is  not  the  case,  however,  for  rubberllKe  materials. 
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fonditions  were  given  in  termo  uf  displacements  at  the  end  of  the  specimon. 
It>e  modeling  of  the  memtirane  is  shown  in  Fig.  1. 


Boundary  conditions 
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Around  inclusion 
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Since  the  loading  and  the  deformations  are  assumed  to  be  symmetrical^  only 
one-quarter  of  the  plate  needed  to  be  considered. 


EXPERIMENTAL  WORK 
TEST  SPECIMEN 


The  model  test  specimen  is  a rectangular  coupon  cut  out  of  a polyurethane 
plate  furnished  by  PHOTOLASTIC  Inc.  The  coupon  is  trap*  f ’rent  and  isotropic 
when  not  loaded.  A circular  hole  is  cut  out  of  its  cent.^  ■ and  is  fills!,  'n 
with  araldlte  which  is  reinforced  with  glass  beads  at  a ratio  of  100  ' . Tne 
stresses  due  to  the  contraction  of  the  disc  during  polymerisation  have  been 
observed  by  means  of  crossed  polarlsors  and  have  been  eliminated  by  an  applied 
compression  load  in  order  to  Keep  the  neutral  state  of  stress  in  the  speclmer  . 
The  disc  is  much  sti-^fer  than  the  rest  of  the  coupon  and  there  is  perfect  ad- 
hesion between  them.  The  grips  are  glued  on  to  the  ends  of  the  rectangle.  The 
only  load  applied  1s  a vertical  load  along  the  specimen's  axis  and  it  is  mea- 
sured by  means  of  strain  gages.  Viscoelastic  effects  are  suppressed  by  load- 
ing up  gradually. 


The  dimensions  of  the  specimt..i  are  117  mm  x 42 
meter  of  the  disc  is  14  mm. 


X 1.02  mm  and  the  dia- 


5 


f. 


Using  a transmission  polariscope.  the  Isoclines  are  determined  with  the 
help  of  in-plane  polarized  white  light  and  the  isochromes  with  the  help  of  mo 
nochromatic  circularly  polarized  light  IDfjg  = 5B90  A). 

The  isostatics  are  obtained  from  the  Isoclines  using  graphical  means. 


PHOTOELASTIC  STRESS  ANALYSIS 


In  rubber  the  lightwave  path  difference  is  proportional  to  the  difference 
of  the  principal  stresses  CT-i  -<J2  and  also  proportional  to  the  instantaneous 
thickness  of  the  specimen  (Reference  7) 

^ = C e (CT,  - 

The  material  constant  C is  determined  by  a uniaxial  elementary  tension  test. 
The  value  obtained  is 

C » 3.21  ♦ 0.03  m2  daN"** 


The  principal  stresses  along  the  vertical  and  horizontal  symmetry  axes  are  de- 
termined by  integrating  graphically  the  equation  of  Lam6  and  fiaxwell  (Reference 


cr,  -oi 

^(T,  A 

e, 

m 0 

a,  - oi 

4a . 0 

where  p is  the  radius  of  curvature  of  the  transverse  isostatic  and  s Is  the 
curvilinear  abscissa  at  a given  point.  The  subscripts  1 and  2 ref er  tc  the 
two  families  of  Isostatlcs. 

The  starting  point  of  the  integration  along  the  x-axis  is  taken  at  the 
edge  of  the  specimen  where  the  stress  ct2  is  zero. 

For  the  integration  along  the  vertical  axis  the  poln  of  reference  for  the 
Integration  is  taken  in  the  region  of  uniform  stress  betwe. n the  grips  and  the 
disc  where  0*2  is  zero.  Along  the  edge  of  the  disc  the  stresses  and  0*2  are 
obtained  using  the  normal  stress  tangent  to  the  disc  and  they  vary  as  fol- 
lows: 

^ o;  _ tTr# 

iY-  " 

and  o;  s o;  -*■  Co;  - s'm^a 

where  a is  the  angle  between  the  direction  of  6 and  the  isostatic  G*  •) . 


The  value  of  C|  is  a function  of  the  accuracy  nf  the  measurement  of  the 
Isoclines.  As  the  experimental  determination  of  the  letter  is  relatively  inaccu- 
rate. in  particular  at  the  top  of  the  disc,  the  accumulated  errors  may  be  quite 


r 

I 

I 

i 

} 

f 

I 

J 

1 


( 


55 


l.iifitj.  for  thi''.  reason,  starting  from  the  horizontal  axis, 
and  cr^  the  top  aie  I*")  % greater  than  the  ones  obtained 
other  axis. 


the  values  of  cr-j 
starting  form  the 


DISCUSSION  OF  THE  EXPERIMENTAL  AND  THEORETICAL  RESULTS 

DEFORMED  SHAPE 

The  theoretical  and  experimental  results  obtained  for  the  defuimed  shape 
are  in  excellent  agreement  as  shown  (Figs.  2-4).  By  different  experimental  me- 
thods the  overall  transverse  displacements  at  the  horizontal  symmetry  line  have 
been  determined  as  follows; 


LOADING 

EXPERIMENT 

TITUS 

Ux 

Ux 

(mm) 

(mm) 

6 \ 

- 0.4  ♦ 0.05 

- 0.434 

11.5  % 

- 0.75  t 0.05 

- 0.606 

20.5  % 

- 1.4  ♦ 0.05 

- 1.44 

ISOSTATICS 


The  theoretical  and  experimental  results  showing  the  distribution  of  the 
isostatics  over  the  surface  of  the  rubber  coupon  are  plotted  in  Fig. 5.  On  the 
left  side  are  shown  the  calculated  principal  stresses  and  on  the  right  side 
the  envelopes  of  the  corresponding  experimental  principal  stresses.  TaKing  into 
account  the  fact  that  the  theoretical  results  are  relative  to  the  undeformed 
surface  of  the  specimen,  the  agreement  is  again  excellent.  The  following  table 
shows  the  values  of  the  applied  longitudinal  force. 


LOADING 

EXPERIMENT 

TITUS 

Force 

Force 

(N) 

(N) 

6 % 

9.8  t 0.2 

10.6 

11.5  % 

19.6  ♦ 0.4 

18.4 

20.5 

29.4  ♦ 0.6 

28.2 

The  mesh  used  in  modeling  the  ends  of  the  specimen  was  very  coarse,  the  prin- 
cipal aim  being  to  demonstrate  the  behavior  of  an  inclusion  Imbedded  in  a rubbe 
matrix.  Thus, the  error  obtained  Is  accordingly  larger  in  this  region. 
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ISOCHfiOMES 


The  iixpurlmnntijl  lituj'js  illiiirlbutlon  ovet  Lhu  11:11  nl  Uic  :\piii,liiiiin:i 
hiis  liuun  i.Kilril)liti(i(>d  liy  tnuiinr.  of  the  loochromer..  No  (lunnL J tot.  Ivo  compor  loon  hi 
ohown  horn  C5  the  nurriGrical  results  are  relative  to  tho  undo  formed  shopo  and 
are  in  terms  of  the  conventional  stresses.  (Fig.  6-8).  The  automatic  plotting 
of  the  required  true  stress  isochromes  is  being  developed  at  the  present  time. 

However,  the  shape  of  the  isochromes  shown  agrees  qualitatively  with  the 
experimental  ones.  As  demonstrated  below  the  numerically  obtained  longitudinal 
true  stress  concentration  factor  is  very  accurate.  Thus  it  can  be  conjectured 
that  the  agreement  must  be  also  quantitative. 


PRINCIPAL  MEMBRANE  STRESSES 


In  Fig.  9 the  true  principal  membrane  stresses  together  with  the  experi- 
mental ones  are  shown.  The  shape  of  the  two  families  of  curves  obtained  are 
identical.  However  there  is  a vertical  shift  of  the  theoretical  ones  relative 
to  the  experimental  ones.  The  difference  Is  quite  small  and  remains  within  the 
limits  of  the  accuracy  of  the  experiment.  It  must  be  noted  that  at  the  top  of 
the  inclusion,  on  the  y-axis,  the  experimental  results  differ  according  to 
whether  the  point  is  approached  from  the  right  or  the  left.  The  mean  of  the 
two  values  is  located  very  near  to  the  theoretical  point. 

At  the  intersection  of  the  x-axls  with  the  contour  of  the  inclusion  two 
nearly  identical  compression  stresses  are  obtained  experimentally.  This  re- 
sult agrees  with  those  obtained  by  theoretical  consideration  in  reference  9. 
The  numerical  calculation  gives  two  stresses  of  opposite  sign,  however.  This 
is  explained  by  the  fact  that  the  stresses  are  calculated  at  the  center  of 
gravity  of  the  element.  In  this  region  C of  Fig.  10,  the  stress  gradient  is 
very  large.  Thus,  even  though  the  QT^  stress  is  positive  at  ^ = 1.07,  the  cal- 
culation point,  it  is  negative  at ■ 1.  that  is  at  the  experimental  recording 
point.  Taking  these  facts  into  account  the  agreement  between  the  finite  ele- 
ment results  and  those  of  the  experiment  is  very  good. 


STRESS  CONCENTRATION  FACTOR 


Ihe  stress  cuncentration  of  the  longitudinal  principal  stress  along  the 
y-axis  is  plotted  in  Fig.  10.  The  maximum  stress  concentration  factors  are 

Experiment  -j,28 

Finite  element  results 

Linear  classical  elasticity  4 54 


The  agreement  between  the  experiment  and  the  numerical  results  is  excel- 
lent. It  can  be  concluded  further  that  the  linear  elasticity  gives  unreliable 
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valuua  in  the  case  of  rubber  for  stralno  reachinti  1U  'i,  ui  moru. 


CONCLUSION 


The  close  agreement  obtained  between  theoretical  and  experimental  results 
demonstrates  the  validity  of  the  large  displacement  equations,  and  of  the  neo- 
hookean  constitutive  law  used  in  the  modified  TITUS  program.  However,  the  use 
of  the  derived  method  is  not  limited  to  any  specific  program.  After  some  minor 
modifications  any  geometricdlly  nonlinear  finite  element  program  may  be  ap- 
plied to  the  analysis  of  rubber  at  relatively  high  strain. 

The  importance  of  using  the  proposed  theory  Instead  of  the  conventional 
HOOKE  typs  formulation  to  design  rubber  parts  is  made  evident  by  the  fact 
that,  using  the  conventional  theory,  the  stress  concentration  factor  of  the  in- 
clusion obtained  has  an  error  of  about  20 
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Figure  3.  - Oleplacement  Vectors, 


Load  • 9.61  Newtons. 
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Exp«rin»nt 


Figur#  « - 01»plac«n»nt  Vactora.  Load  • 29.4  Nawtona. 
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Conventional  Principal  Stresses 
on  the  Undefurmed  Shape 

(TITUS) 


Experimental  Isostatxcs 
- Principal  True  Stress  Envelopes 
on  the  Deformed  Shape 


Figure  5.  - Conventional  Principal  Stresses  and  Experimental  Isostatics 
Load  > 19.6  Newtons. 
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TITUS  Solution 


Experiment 


Difference  of  the 
Conventional  Principal 
tiembrane  Stresses 
in  the  Undeformed  Body 


Isochromes  - Difference  of  the 
True  Principal 
Membrane  Stresses 
in  the  Deformed  Body 


Figure  6.  - Isochromes  - Numerical  Results  and  Experiment. 
Load  ■ 3.61  Newtons. 
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TITUS  Solution 

Difference  of  the 
Conventional  Principal 
rtemorane  Streaaea 
In  the  Undeformed  Body 


Experiment 

Isochromes  ~ Difference  of  the 
True  Principal 
Membrane  Stresses 
in  the  Deformed  Body 


Figure  7.  - Isochromes  - Numerical  Results  and  Experiment- 
Load  ■ 19,8  Newtons. 


TITUS  Solution 


Differenca  of  tha 
Conventional  Principal 
dembrana  Stresses 
in  the  Undeformed  Body 


Experiment 


Isochromos  ■ Difference  of  the 
True  Principal 
Membrane  Stresses 
in  the  Deformed  Body 


Figure  8. 


laochromes  - Numerical  Results  and  Experiment 
Load  • 29.4  Newtons. 


NASTRAN  STATIC  AND  BUCKLING  ANALYSIS  - 
COMPARISON  WITH  OTHER  LARGE -CAPACITY  PROGRAMS 

by  Lalit  C.  Shah 
Rockwell  International 
B-1  Division 
Los  Angeles,  California 


SIMIARY 


A square  plate  with  claiiped  edges  under  a concentrated  load  was  modeled 
using  NASTRAN  (refei*ence  1)  and  ASKA  (reference  2)  finite  element  computer 
programs.  Deflections  were  confuted  for  various  width- to -thickness  ratios 
(b/t)  of  the  plate  element,  and  were  compared  against  the  classical  theory  to 
determine  the  b/t  limitations. 

A cylinder  with  simply  supported  ends  was  modeled  using  NASTRAN  and 
STAGS  (reference  3)  conputer  programs  for  buckling  analysis.  The  models  ./ere 
subjected  to  a uniform  radial  pressure  loading.  Several  parameters  were 
changed,  and  the  effects  of  those  variations  are  presented.  Utilizing  these 
data,  a model  which  will  produce  results  comparable  to  pubiisiied  empirical 
data  can  be  constructed  and  processed  for  a minimized  cost. 


SIATIC  ANALYSIS 


The  user  of  finite  element  computer  programs  has  numerous  limitations  to 
be  considered  when  constructing  a mathematical  model  of  the  structure  to  be 
analyzed.  Although  considerable  information  is  available  concerning  the  plate 
element  aspect  ratio  (a/b)  (i.e.,  length -to -width  ratio),  the  effect  of  vary- 
ing the  width-to-thickness  ratio  (b/t)  has  not  previously  been  presented. 

The  effect  of  varying  the  plate  element  b/t  ratio  was  investigated  for  the 
NASTRAN  and  ASKA  finite  element  computer  programs. 

This  investigation  utilized  a square  plate  with  clanped  edges.  Two  ele- 
ments, CTRIA2  and  C(^JAD2,  available  in  NASTRAN,  were  used  in  two  separate 
models.  One  tritu\gle-plate  element,  TRIB3,  available  in  ASKA,  was  used  in 
the  third  model.  These  models,  shown  in  Figure  1,  were  152.4  cm  (60  inches) 
square  plates  with  varied  thickness  to  achieve  the  b/t  ratio  desired.  The 
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basic  model  mesh  size  was  selected  based  upon  previous  experience.  One  model 
with  mesh  size  reduced  by  a factor  of  2 was  processed,  and  the  results  were 
compared  to  verify  that  the  basic  model  mesh  size  was  valid. 

One  loading,  which  consisted  of  a conccncrated  load  applied  in  the  geo- 
metric center  normal  to  the  plate,  was  selected  due  to  its  ideal  cliecks  for 
the  bending  characteristics  of  any  plate  element.  This  loading  was  applied  to 
each  model  processed. 

Tlie  results  of  the  two  NASTRAN  models  and  the  ASKA  model  are  sumnarized 
in  table  I.  The  resulting  computed  deflections  for  the  three  models  are  tabu- 
lated for  tlie  various  b/t  ratios  investigated.  Included  in  this  table  are  the 
theoretical  deflections  based  upon  classical  eqxoations  (reference  4) . These 
deflection  data  are  preseiited  graphically  in  figures  2 through  4.  The  plot  of 
the  percentage  difference  between  computed  deflection  and  theoretical  deflection 
is  shown  in  figure  5 for  the  three  models  investigated.  The  two  XASTRVN  plate 
elements,  CTRIA2  and  CQl!AI)2,  break  down  in  regions  of  b/t  less  than  five.  The 
ASKA  element,  TRIB3,  is  quite  consistent,  even  for  extremely  low  values  of  b/t. 
It  is  apparent  that  a limitation  on  the  value  of  b/t  exists  for  the  NASTRAN 
plate  elements.  This  limitation  should  be  considered  along  with  the  aspect 
ratio  (a/b)  limitations  vvhen  constructing  a model  for  the  iNASTRA'I  computer 
program. 


BUCKLING  ANALYSIS 


Buckling  analysis  is  an  eigenvalue  problem  which  may  result  in  very  high 
ccMnputer  processing  costs  to  achieve  a valid  solution.  This  report  presents 
an  investigation  into  the  various  modeling  parameters  that  affect  the  solution 
and  the  computer  cost.  The  results  of  this  study  reveal  an  approach  to  achiev- 
ing a valid  solution  for  minimized  computer  cost. 

This  investigation  considered  a cylinder  under  uniform  radial  pressure 
loading.  According  to  Donnell's  equation,  under  uniform  radial  pressure,  the 
buckling  stress  of  the  cylinder  is: 


a 


cr 


K it^E 

y 

12(l-v^) 


2 


For  moderately  long  cylinders,  this  equation  gives  quite  good  correlation  with 
test  data  (reference  5).  For  this  investigation,  a data  point  was  selected 
where  the  test  result  and  the  preceding  equation  value  practically  coincide. 
This  cylinder  model  is  shown  in  figure  6.  The  cylinder  was  modeled  for 
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;\ASTRAN,  a finite  element  computer  program,  and  for  STAGS,  a finite  (liffcrcnce 
computer  program.  Essentially,  the  same  parameters  were  varied  for  botli  models 
in  determining  effects  upon  the  solution  validity  and  the  computer  costs. 

The  results  of  the  IviASTRAN'  and  STAGS  models  are  presented  in  tables  1 1 
and  III,  respectively.  These  data  are  presented  in  figures  7 through  9. 

Appendix  A contains  the  mode  shapes  for  all  the  models  studied  in  this 
investigation. 

A significant  parameter  in  modeling  for  either  NASi'R^N  or  STAGS  is  the 
circumferential  spacing  of  grid  points  vhich  determine  the  number  of  elements 
per  half  wave-length.  As  indicated  in  figure  7,  an  extremely  narrow  range  of 
circumferential  spacing  may  be  considered  in  modeling  in  order  for  I'lASTRAM 
buckling  analysis  to  achieve  valid  results.  iTie  NA5TRAN  model  that  is  very 
fine  is  equally  as  erroneous  as  a model  that  is  very  coarse.  These  models 
that  are  outside  this  narrow  band  of  acceptable  circumferential  spacing  pro- 
duced results  that  deviated  from  the  theoretical  value  by  up  to  70  percent. 

The  improper  selection  of  the  circumferential  spacing  for  the  STAGS  program 
can  result  in  extremely  high  errors,  over  3,000  percent,  as  shown  in  figure  7. 
The  results  from  the  STAGS  models  indicate  that  the  error  percentage  is  directly 
related  to  the  coarseness  of  the  model,  and  as  the  circumferential  spacing  is 
reduced,  the  computed  value  approaches  the  theoretical  solution.  For  this 
particular  cylinder  model  to  achieve  a valid  solution,  the  STAGS  model  required 
a 3-degree  circumferential  spacing,  whereas  the  NASTRAN  model  required  a 
10-degree  spacing. 

The  aspect  ratio  of  the  plate  elements  was  considered  as  an  important 
parameter  in  this  iiivestigation.  Although  most  of  the  models  utilized  a 
constant  number  of  uniformly  spaced  longitudinal  cuts,  a few  were  processed 
using  nonuniformly  spaced  longitudinal  cuts  to  determine  the  effects  of  vary- 
ing the  aspect  ratio.  It  was  a surprise  to  learn  that  the  results  did  not 
change  appreciably.  Apparently  the  aspect  ratio  of  the  plate  elements  is  not  a 
critical  parameter  for  NASTRAN  buckling  analysis.  The  data  presented  in  fig- 
ure 8 for  extremely  low  and  extremely  high  aspect  ratios  are  related  to  the  very 
coarse  and  the  very  fine  circumferential  spacing  models,  respectively.  There- 
fore, the  most  probable  reason  for  the  results  is  due  to  the  circumferential 
spacing. 

The  NASTRAN  models  were  processed  on  IBM  370/165,  and  the  STAGS  models 
were  processed  on  GXI  6600  computer  system.  The  resulting  machine  time  data 
are  presented  in  tables  iV  and  V.  This  information  is  converted  to  machine 
cost  in  dollars  and  presented  in  figure  9.  Even  the  very  fine  model  used  in 
STAGS  to  achieve  a valid  solution  resulted  in  less  con?>uter  cost  than  any  of 
the  NASTRAN  models  processed.  This  may  be  partly  attributed  to  the  two  com- 
puter systems  used  in  the  investigation.  Although  figure  9 presents  tiie  com- 
puter cost,  a significant  part  of  the  total  cost  for  buckling  analysis  is  the 
man-hours  required  to  construct  the  model  and  prepare  the  data.  Also,  the 
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NASTRAN  program  provides  a lot  more  f].exibility  in  .Tiodeling  as  compared  to  the 
STAGS  program.  The  total  cost  data  for  this  investigation  are  not  available, 
but  it  is  estimated  that  for  a typical  problem,  the  total  cost  would  be  nearly 
equal  for  these  two  programs. 


CON'.JJSIONS 


\ 

\ 
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In  the  static  analysis  investigation,  it  was  determined  that  the  NASTRAN' 
plate  element  has  a width- to -thickness  ratio  (b/t)  limitation,  as  well  as  an 
aspect  ratio  limitation.  'Fhese  are  both  important  parameters  to  be  considered 
in  modeling  thick  plate  structures.  Extra  care  should  be  exercised  tiG  live  id. 
large  aspect  ratios  and/or  small  (less  than  five)  width-to-thickness  ratios. 

The  investigation  did  indicate  that  ASKA  element  TRIB3  is  consistently  valid 
for  extremely  low  values  of  b/t.  For  those  structures  whose  configuration 
requires  modeling  to  b/t  values  less  than  five,  it  is  recommended  t’nat  they 
get  processed  using  the  ASKA  program  or  use  solid  elements  available  in 
NASTRAN. 

Tb.e  buckling  analysis  investigation  revealed  that  modeling  requirements 
are  quite  different  from  static  aiialysis.  The  conventional  rules  for  static 
analysis  modeling  are  neither  sufficient  nor  applicable  for  buckling  analysis. 
Although  the  effect  of  varying  aspect  ratio  is  negligible,  the  effect  of  var>'- 
ing  the  number  of  elements  per  half  wavelength  is  very  critical  to  both  a valid 
solution  and  the  computer  cost.  The  cost  of  performing  a valid  buckling  analy- 
sis is  veiy  high  measured  by  static  analysis  standards.  Although  STAGS  com- 
puter cost  is  quite  low,  the  man-hour  cost  is  quite  high,  compared  to  NASTRAN 
costs.  The  evaluation  of  the  buckling  analysis  performed  in  this  investigation 
has  revealed  that  it  is  very  difficult  to  separate  a reasonable  solution  from 
an  erroneous  solution.  The  NASTRAN  models  indicate  an  extremely  narrow  band 
of  circumferential  spacing  (nuiiber  of  elements  per  half  wavelength)  may  be 
selected  for  a valid  solution,  whereas  the  STAGS  models  indicate  the  finer 
models  produced  an  acceptable  solution. 
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6 Circumferential  spacing 

£ Length  of  'cylinder  element 

a Length  of  plate 

b Width  of  plate 

t Thicloiess  of  plate  or  cylinder 

R Cylinder  radius 

Critical  buckling  load  - program  output 
P Critical  buckling  load  - theoretical  value 

0^^  Critical  buckling  stress  — theoretical  value 
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Plate 
Thickness 
t (cm) 

b/t 

NASTRAN 

fQUAD2 

N4.STRAN 

aRIA2 

ASKA  ^ 

TRIB3  1 

Theoretical 
(Ref  4') 

1.27 

20.0 

15.00  X lO'-^ 

13.64  X lO'^ 

13.39  X 10*^ 

14.91  X lO'^ 

5.08 

5.0 

24.0  X lO'^ 

22.07  X lO'^ 

20.9  X lO'^ 

23.37  X lo'^ 

10.16 

2.5 

3.2  X lO’^ 

2.97  X iO'^ 

2.62  X 10‘^ 

2.92  X lO"'^ 

15.24 

1.67 

10.39  X lO'"^ 

9.73  X lo"^ 

7.82  X lO'^ 

8.61  X 10‘^ 

20.32 

1.25 

4.93  X lO'"^ 

4.65  X lO'^ 

NA 

3.63  X lO"^ 

25.4 

1.00 

2.87  X lO'^ 

2.72  X lO'^  1 

16.74  X 10'^ 

18.54  X 10'^ 

Table  II 

BUCKLING  ANALYSIS  - HIGKNVALUE  DATA  NASrPAN  MODEL 


Shell 


90 

90 

90 


Mesh 

Size 

9,  deg 

f,  cm 

2 

25.4 

5 

25.4 

9 

25.4 

10 

25.4 

11 

25.4 

20 

25.4 

30 

25.4 

Degree 
of  Freedom* 


Pcr/P 


1.6434 

1.5409 

1.3614 

1.0390 

.7844 

.5568 

.3079 


*Eifenvectovs  are  nornializea  with  respect  to  this  degree 
of  freedom. 


Table  III 

BUCKLING  ANALYSIS  - EIGENVAl-UL  DATA  SIAGS  M)DEL 


Mesh 

Size 

Pc,/P 

Degree 

Shell 

■KSl 

It  cm 

of  l-rcedom* 

90 

3.1 

4.24 

1.08 

‘l 

90 

3.1 

9.53 

1.09 

‘l 

90 

3.1 

19.05 

1.11 

'r 

‘1 

90 

3.1 

38.1 

.37 

h 

90 

5.3 

4.24 

1.27 

■'i 

90 

11.25 

12.7 

2.78 

■‘i 

90 

22.5 

12.7 

29.9 

^1 

"Eigenvectors  are  normal ized  with  respect  to  this  degree 
of  freedom. 
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Table  IV 


BUCKLING  ANALYSIS  - MAClilNL  TINIL  DATA  NAS'llUN  NDDtX  IBM  370/105 


Number  of 
Grid  Points 

CPU  Time 
(sec) 

Chaniiel  Time 
(sec) 

Billing  Units 

184 

222.432 

114.732 

28.S)015 

76 

80.208 

93.438 

12.9706 

44 

57.732 

91.212 

10.4553 

40 

63.23 

102  72 

12.1796 

40 

54.63 

93.75 

10.8106 

36 

i 58.398 

104.118 

11.5798 

1 

28 

43.662 

95.358 

1 

9.6276 

Table  V 

Bir'KLING  ANALYSIS  - MACHINE  TIME  DATA  SfAGS  NDDEL  Cix:  6600 


Nunijer  of 
Grid  Points 

CPU  Time 
(sec) 

T/0  Time 
(sec) 

System  Sec 

300 

46.228 

105.800 

72.678 

180 

18.469 

40.9 

28.694 

150 

19.176 

48.626 

31.332 

90 

11.312 

33.816 

19.766 

60 

7.858 

30.624 

15.514 

36 

3.227 

21.162 

8.517 

20 

2.036 

23.259 

7.85 

76 


Jr 


152.4 

cm 


152.4 

cm 


NASTRAN  - CQUAD  2 
ALL  EDGES  CLAMPED 


NASTRAN  - CTRIA  2 
ALL  EDGES  CLAMPED 


ASKA  - TRIB  3 
ALL  EDGES  CLAMPED 


Figure  1.  Static  analysis  - basic  model  geometry. 
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Figure  2.  Deflection  vs  thickness  ratio,  NASTRAN  - CQuAD2. 


4’ 

1 


77 


i 

i 


I I ■ 


90'’ 


”T" 

£ 

4-9-^ 

n 90^ 

OF  CYLINDER 


3 


76.20 
cm  HIGH 


Figure  6.  Buckling  analysis  - basic  model  geonretry. 
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Figure  7. 
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NASTRAN  ABALYSIS  OF  AN  AIR  STORAGE  PIPING  SYSTEM 

By  Clarence  P.  Young,  Jr.,  A Harper  Cerringer,  and  Richard  W.  Faison 

NASA  Langley  Research  Center 


SUMMARY 


This  paper  summarizes  the  first  Lengley  Research  Center  application  of 
NASTRAN  to  a complex  piping  design  evaluation  prohlen.  Emphasis  is  placed  on 
structural  modelirig  aspects,  problems  encountered  in  modeling  and  aneayzim' 
curved  pipe  sections,  principal  results,  and  relative  merits  of  using  NASTxtAN 
as  a piping  analysis  and  design  tool.  In  addition,  the  piping  and  manifolding 
system  vas  analyzed  with  SNAP  (Structural  Network  Analysis  Program)  developed 
by  Lockheed  Missiles  and  Space  Comx>any.  The  parallel  SNAP  study  provides  a 
basis  for  limited  comparisons  between  NASTRAN  and  SNAP  as  to  solution  agree- 
ment and  computer  execution  time  and  costs. 


INTRODUCTION 


P 

The  new  Langley  Resewrch  Center  (IaRC)  U.13T  Mi4/n  (600  psia)  air  stor- 
age facility  is  being  constructed  to  effect  repairs  to  the  system  that  was 
damaged  in  the  Langley  9~  by  6-foot  thermal  structures  tunnel  manifold  fail- 
ure in  September  1971.  Pecause  of  the  increased  coucern  and  emphasis  at 
LaRC  on  safety  in  facility  design,  a rigorous  static  analysis  of  the  piping 
ana  marxfoldlng  system  design  was  performed  within  the  Systems  Engineering 
Division  (SED).  Since  NASIIIAN  had  been  -'.s&d  exteusively  within  SED  for 
analyzing  aerospace-type  structures,  it  was  decided  that  the  piping  applica- 
tion would  provide  the  desired  degree-  of  ri;^or  and  at  the  same  time  exercise 
the  applicability  of  NASTRAN  as  a pipi;  i snalyai cod . 

The  purpose  of  this  paper  is  to  doctr::''  v'-.e  results  and  experience 
gained  in  applying  NASTRAN  to  a complex  r r.l  ced  piping  system.  Although 
NASTRAN  was  not  developed  as  a piping  arjui-ysl^  tool,  it  can  be  used  to  simu- 
late the  extensional  and  bending  behavior  pipes  which  can  be  characterized 
as  beams.  (See,  e.g. , ref.  1.)  The  basic  approach  is  that  of  a stress 
analysis  of  the  given  design  for  various  static  loading  conditions.  The 
calculated  stresses  are  then  compared  with  allowable  values  e a obtained  from 
references  1 to  3.  These  comparisons  serve  as  a basis  for  evsluating  struc- 
tural adequacy. 


SYMBOLS 


A 


2 2 

cross-sectional  area  of  pipe,  m (in  ) 
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c 

F^(PA) 

h 

I 

IPS 

i 

n 

M 

P 

R 


T 

t 

V 

V 

Jt.y.z 


a 


Subscripts : 

y 

I 


distance  to  outermost  fiber  measured  from  bend  axis,  m (ir  5 

static  pres.mre  loading 

bend  characteristic  ^ defined  by  eq.  (l)) 

area  moment  of  inertia  of  pipe  c^oss  section,  m (in  ) 

internal  pipe  size 

stress  intensificati-)n  factor 

bending  moment 

interned  pipe  pressure,  h/m  (ibf/in  ) 

radius  of  pipe  bend , m ( in . ; 

mean  radius  of  pipe,  m (in.) 

temperature,  ®K  (®F) 

pipe  wall  thickness,  m (in.) 

wind  velocity,  m/s  (mph) 

element  coordinate  system 

luigle  measured  from  bend  eocis  of  pipe  to  point  of  peak  stress 
(see  fig.  5),  deg 

2 2 

stress  predicted  by  elementary  tcdn  theory,  N/m  (Ibf/in  ) 

bending  abou'*'  Y-axis 
bending  about  Z-axis 


ANALYSIS 


Facility  Description 

The  new  air  »lorage  facility  is  depicted  in  figiure  1.  Basically,  the 
system  consist 3 cf  16T  air  storage  bottles  connected  oy  manifolding  to  the 
Biain  headfir  0.6l-»-diaaeter  in.)  supidy  line.  The  new  main  header  is  tied 
to  an  existing  overhead  Jine  vnich  is  illustrated  in  the  photograph  of  figure  2. 
In  ci'ier  Lo  assess  the  total  interaction  loading  effects  between  the  existing 
line  and  the  new  lines,  the  existln.  line  was  modeled  as  well. 
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NASTRAN  Mcdel  Characteristics 


The  NASTRAN  model  of  the  piping  and  manifolding  system  is  illustrated  in 
the  perspective  plot  of  figure  3.  The  model  includes  the  existing  ovorhead 
0.6l-m  (2U  in.)  supply  line,  the  new  0.6l-m  {2h  in.)  line,  the  new  0.20-ra 
(8  in.)  and  0.25-m  (10  in.)  lines,  0.15-m  (6  in.)  manifolds,  and  0.038-m  (li 
in.)  distribution  (goosene  Vr)  connections  to  storage  bottles.  Ancho'^*  points 
for  the  piping  system  are  as  shown  in  figure  3 with  the  gooseneck  lines  be^ng 
fi^ed  at  the  air  storage  bottle  flanges. 

Bar  elements  are  used  throughout  to  characterize  the  pipe  elongation, 
twist,  and  bending  behavio’'.  Tn  total  T‘^.4  bar  wore  used  with  the 

reduced  problem  (.  ..istraints  and  boundary  ccnuicioi..,  . j^csed)  being  cnaraeter- 
ized  by  approximately  3500  degrees  of  freedom. 

Curved  Pipe  Considerations 

One  of  the  more  interesting  aspects  of  the  analysis  concerns  the  struc- 
tural modeling  and  prediction  of  stresses  in  curved  pi^e  sections.  It  is 
known  that  curved  pipe  sections  behave  quite  differently  compared  with 
straight  sections  when  subjected  to  bending  loads.  Vn.on  bending  loads  are 
imposed  on  a curved  pipe,  the  cross  section  tends  to  ovalize  or  flatten  on 
one  side,  which  results  in  increased  fl«*vibility  and  a stress  redistribution. 
(See,  e.g.,  ref.  1.) 

Structurfil  modeling  and  flexibility  effects.-  Since  there  are  no  curved 
bar  elements  within  NASTRAN,  the  pipe  elbows  were  modeled  as  a scries  of 
straight  bar  elements  as  illustrated  ir  figure  U.  For  the  90®  elbows  in  the 
0.6l-m  {2k  in.)  line,  three  bar  elements  of  equal  length  were  used  to  complete 
the  turn.  Additionally,  the  pressure  loadings  F5(PA)  shown  acting  in  the 
figure  were  developed  to  satisfy  equilibrium  around  the  bend.  It  shou.ld 
be  noted  that  the  number  of  elements  used  to  represent  the  curved  pipe  sta- 
tions varied,  depending  on  pipe  size  and  turn  angle.  For  example,  the  90® 
bend  on  the  0.038-m  (li  in.)  pipes  was  modeled  using  one  bar  element  connect- 
ing the  pipe  center-line  poirts  of  tangency. 

In  order  to  characterize  the  increased  flexibility  in  the  curved  regions, 
the  bending  modulus  of  each  element  was  reduced  by  a flexibility  factor 
defined  as  the  ratio  of  the  resulting  increased  deflection  of  a curved  pipe 
to  that  predicted  by  beam  theory.  Theoretical  flexibility  factor  data  were 
obtained  from  reference  1,  which  gives  the  flexibility  factor  as  a function 
of  the  bend  characteristic  h defined  as 


tR 


U) 


‘m 


Stress  Intensification.-  Elementary  beam  theory  cannot  account  for  the 
actual  stress  distributions  in  curved  pipe  as  illustrated  by  the  ..omparative 
distributions  given  in  figure  5.  Whereas  beam  theory  would  pre'Uct  the 
maximum  stress  to  occur  at  the  outermost  point  from  the  bend  axis,  curved  pipe 
theory  shows  that  the  peak  stress  shifts  tow«ird  the  neutral  t tis  (con  esponds 
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to  a = 0 in  fig*  5)  and  also  becomes  intensified*  The  ratio  of  the  maximuin 
stress  in  a c\irved  pipe  to  that  predicted  for  a straight  pipe  is  defined  as  the 
stress  intensification  factor  i^^.  Also,  not  only  do  the  longitudinal  stresses 
become  amplified,  but  high  circumferential  stresses  are  predicted  as  well. 


In  figure  5,  the  orientation  of  the  predicted  points  of  maximuin  stress 
for  both  in-plane  and  out-of-plane  bending  of  the  elbow  is  seen  to  be  26^ 
measured  from  the  bend  axes.  In -plane  bending  is  defined  as  a bending  moment 
about  8un  axis  normal  to  the  plane  of  bend  (Z-axis  in  fig.  5)  while  out-of- 
plane bending  corresponds  to  a moment  about  an  axis  in  the  plane  of  bend 
(Y-axis  in  fig.  5).  The  i^^  values  for  the  elbow  of  figure  5 as  predicted  by 
data  given  in  references  1 and  2 are  as  follows: 


Reference  1 


Reference  2 


i^  (circumferential) 6*6  3*5 

±2  (longitudinal) 5.0  3*5 

i^  (longitudinal) U.3  3.5 

i^  (circumferential) 7.^  3.5 


Note  that  values  given  in  reference  2 are  about  one-half  the  theoretical 
values  given  in  reference  1 and  are  constant  for  both  in-plane  and  ouo-of- 
plane  bending.  The  lower  values  are  based  largely  on  experimental  results 
and  appear  to  be  more  realistic  for  design. 


It  is  apparent  that  the  actual  stress  distributions  in  the  c\irved  regions 
become  quite  complex  for  the  situation  where  both  in-plane  and  out-of-plaue 
bending  loads  are  present.  Time  did  not  permit  research  into  the  area  of 
stress  determination  around  the  pipe  for  combined  bendin  : loads;  therefore, 
predicted  maximxim  stresses  were  added  in  the  most  adverse  manner  as  a con- 
servative approach. 


Applied  Loads 

The  static  loads  used  for  the  analysis  included  the  total  pressxire,  ' 

thermal  loadings  for  a temperature  rise  and  fall  of  268®  K (60®  F),  gravity 
loads,  and  steady  wind  loads  at  U4.7  m/s  (lOO  mph).  Solutions  were  obtained 
for  the  independent  loading  conditions  as  well  as  for  the  total  combined  loads. 
In  this  manner,  the  stress  contributions  for  the  separate  and  combined  load- 
ings were  obtained  for  comparison  with  the  allowable  working  stress  criteria 
given  in  references  2 and  3. 


Analysis  Proced\ire 

The  analysis  procedure  is  depicted  in  the  flow  diagram  of  figure  6.  Note 
from  the  flow  diagram  the  incorporation  of  the  flexibility  and  stress  intensi- 
fication factors.  As  stated  previously,  the  bending  flexibility  in  the  elb'.v 
regions  was  accounted  for  by  reducing  the  section  mod\ilus  of  the  bar  elements 
which  make  up  the  curved  pipe  sections. 
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, Since  MSTRAU  cannot  recover  the  combined  stresses  for  either  straight  or 
curved  sections  of  pressurized  pipe,  it  became  necessary  to  write  a separate 
;stress  calculations  program.  This  program  uses  the  input  of  element  forces 
'and  moments  and  generates  the  combined  pressurized  pipe  stresses  (e.g.,  hoop 
£*  c'ses  are  accounted  for  along  with  torsional  stresses)  and  also  applies 
: stress  intensification  factors  in  the  elbow  regions.  Once  the  combined 
I esses  are  calculated  for  the  highest  loaded  elements,  these  values  are  then 
ompired  with  the  allowables  and  guideline  values  of  references  1 to  3* 


DISCUSSION  OF  RESULTS 


The  results  of  the  NASTRAN  analysis  proved  to  be  q^uite  beneficial  not  only 
for  verifying  the  adequacy  of  design  but  also  for  identifying  potential  problem 
areas  and  for  efficient  selection  of  anchor  point  locations  and  pipe  bend 
radii.  For  example,  one  early  finding  in  the  analysis  identified  an  over- 
stressed situation  for  the  gooseneck  at  the  last  row  of  air  storage  bottles 
nearest  the  main  header.  In  this  instance,  an  error  in  the  design  calcula- 
tions had  resulted  in  a pipe  length  selection  that  was  too  short.  Had  the 
NASTRAN  analysis  not  been  performed  the  error  probably  would  have  gone  un- 
noticed with  failure  likely. 

General  Stress  Results 

In  general  the  calculated  stresses  throughout  the  system  were  within  the 
required  working  allowables  of  references  1 to  3 and  in  only  a few  isolated 
areas  equaled  or  slightly  exceeded  the  conservative  combined  loading  stress 
guidelines  given  in  reference  1.  (The  calculated  stress  values  are  not 
presented  or  discussed  in  detail  for  reasons  of  brevity  and  lack  of  signifi- 
cance within  the  framework  of  the  present  paper.)  Based  on  the  NASTRAN  cslIcu- 
lations,  the  design  was  acceptable;  however,  the  design  was  also  examined  in 
view  of  obtaining  stress  reductions  in  particular  areas  of  concern.  As  it 
turned  out,  the  stress  condition  of  the  greatest  concern  occurs  in  the  last 
goosenecks  nearest  the  0.6l-m  {2h  in.)  main  header.  The  higher  stresses  occur 
in  these  goosenecks  as  a result  of  thermal  and  pressure  expansion  in  the  main 
header  pipe.  Two  options  considered  for  reducing  these  stresses  were  (l)  to 
relocate  the  anchor  point  and  (2)  to  select  a more  desirable  bend  radius  for 
the  goosenecks.  These  options  are  examined  in  the  following  subsection. 

Analysis  of  Potential  Stress  Reductions 

Two  selected  studies  on  stress  reduction  in  the  gooseneck  pipes  are  dis- 
cussed in  this  section.  Other  studies  were  made  which  proved  to  be  useful 
for  identifying  local  problem  areas  but  are  beyond  the  scope  of  the  present 
paper . 

I 

Anchor  point  location.  - The  main  header  line  and  manifolding  to  the  air 
storage  bottles  are  illustrated  in  the  schematic  of  figure  T.  The  point  of 
fixity  is  located  at  x * IT. 07  m (672  in.)  (support  tower)  with  guide  locations 
as  indicated.  It  should  be  noted  that  a guide  support  is  designed  to  allow  the 
pipe  to  slide  (longitudinally)  while  providing  constraint  in  all  other  directions 
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The  baric  behavior  which  leads  to  the  previously  mentioned  high  stresses 
in  the  last  row  of  distribution  lines  (goosenecks)  is  thermal  and  pressure 
expansion  of  the  main  header.  The  local  deformation  behavior  of  a row  of 
goosenecks  due  to  the  main  header  expansion  is  illustrated  in  figure  8.  The 
fixity  at  x = 17-07  m (672  in.)  leads  to  pipe  expansions  both  toward  the 
origin  x < 17-07  (672  in.)  (negative)  and  toward  the  air  storage  beetle  field 
X > 17-07  m (672  in.)  (positive).  These  expansions  significantly  influence 
stresses  in  the  gooseneck  lines  and  in  the  main  header  elbow  located  at  the 
origin.  Therei'ore,  a logical  way  to  reduce  the  gooseneck  stresses,  at  the 
expense  of  increasing  the  elbow  stresses,  would  be  to  relocate  the  anchor 
point . 

In  order  to  examine  the  main  header  expansion  behavior,  the  point  of 
fixity  was  removed  wliich  yields  the  deflections  along  the  header  for  pressure 
and  temperature  expansion  as  shown  in  the  graph  of  figure  7-  Note  from  the 
curves  of  figure  7 that  a node  point  (Ax  = O)  exists  at  x = 27-9^  m (1100  in.) 
The  node  point  is  ideal  for  anchor  location  for  the  statics  load  problems  as 
it  would  be  equivalent  to  the  no-fixity  case. 

In  order  to  explore  the  stress  situation  at  the  particular  points  of  con- 
cern, the  anchor  point  locations  were  varied  which  g€.ve  the  stress  plots  in 
figure  9.  By  combining  stresses  due  to  thermal  plus  temperature  expansion, 
it  can  be  seen  that  a significant  stress  reduction  is  obtained  by  moving  the 
anchor  point  toward  the  bottle  field.  At  the  same  time  the  stresses  are 
observed  to  rise  in  the  main  header  elbow.  For  example,  the  combined  stresses 
in  the  0.038-m  (li  in.)  pipe  can  be  reduced  by  50  percent  by  locating  the 
anchor  at  x = 31-09  m (122U  in.)  (extrapolated  point)  at  the  expense  of  a 
33-percent  increase  in  the  elbow.  The  need  to  have  a complete  fixity  in  view 
of  dynamic  blowdown  effects  and  at  the  same  time  give  a much  reduced  static 
stress  situation  would  suggest  locating  the  anchor  at  x = 31.09  m (122U  in.). 

Bend  radius  selection  for  gooseneck  geometry.  - Another  example  of  stress 
reduction  via  NASTRAN  analysis  is  shown  in  figure  10.  The  0.038-m  (li  in.) 
gooseneck  between  the  0.15-m  (6  in.)  manifold  pipe  and  bottle  (assmed  as  the 
point  of  fixity)  was  initially  designated  with  a length  of  0.53  m (21  in.) 
from  manifold  to  bottle  instead  of  1.52  m (5  ft) . As  previously  mentioned, 
the  preliminary  NASTRAN  analysis  resulted  in  unacceptably  large  stresses, 
which  ultimately  led  to  a parametric  study  to  determine  the  best  design.  A 
space  limitation  imposed  a maximxan  of  1.52  m (5  ft)  available  for  the  length 
from  manifold  to  bottles,  whereas  the  bottle  spacing  imposed  a maximum  radius 
of  bend  of  0.U6  m (18  in.)  for  the  0.038-m  (li  in.)  gooseneck.  Intuitively, 
one  might  think  that  the  maximum  radius  of  bend  would  provide  the  lesser  stress 
however,  the  stresses  are  seen  to  result  primarily  from  the  displacement  of 
the  main  header  as  previously  described.  This  displacement  imposes  a large 
moment  at  the  bottle  connection  (fixed  point  in  fig.  lO),  and  thus  the  longer 
the  moment  arm,  or  rather  the  length  from  manifold  to  bottle,  the  smaller  the 
stress.  Figure  10  shows  the  calculated  stresses  in  the  goosenecks  as  a func- 
tion of  the  radius  of  bend  for  the  given  1.52  m (5  ft)  length  from  manifold  to 
bottle.  The  input  for  the  study  was  the  displacanent  of  the  gooseneck  at  the 
manifold  end  for  a selected  bend  radius  of  0.20  m (8  in.).  This  displacement, 
associated  with  the  maximum  combined  for  both  the  temperature  and  pressure 
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expansion,  of  the  main  header  was  assumed  constant  and  independent  of  bend 
radius.  Although  the  data  are  not  depicted  in  figure  10,  the  stress  increases 
in  the  bend  and  straight  section  as  the  1.52  m (5  ft)  length  from  header  to 
bottle  is  decreased.  Also,  the  standard  minimm  radius  of  bend  for  a 0.038-m 
(li  in.)  pipe  as  specified  in  reference  2 is  0.19  ® (7^  in.);  thus,  the 
selected  gooseneck  design  was  for  a 0.19-m  (Ti  in.)  radius  of  bend  and  a 
length  of  1.52  m (5  ft)  from  manifold  to  bottle. 


COMPARISON  OF  NASTRAN  WITH  SNAP 


The  parallel  SNAP  analysis  was  performed  for  a number  of  reasons . Chief 
among  these  was  the  need  to  gain  further  experience  to  provide  further  check- 
out of  the  SNAP  "statics"  program  (ref.  4).  Also,  the  SNAP  analysis  served 
as  a backup  solution  for  NASTRAN  and  gave  a basis  for  comparing  and/or  verify- 
ing numerical  results. 

The  NASTRAN  and  SNAP  structural  models  were  developed  by  Ger ringer  and 
Faison,  respectively,  so  that  the  analyses  were  independent;  however,  the 
basic  element  representations  were  used  for  both  models . It  should  be  noted 
that  the  SNAP  model  did  not  include  the  new  0.20-m  (8  in.)  and  0.25-m  (10  in.) 
lines  shown  in  figure  1;  however,  for  comparison  solutions  the  aforementioned 
lines  were  removed  from  the  NASTRAN  model. 

The  parallel  analysis  proved  to  be  quite  useful  for  uncovering  modeling 
and  loads  input  errors.  Also,  the  numerical  results  agreement  was  very  good 
as  one  would  expect . 

From  a computer  cost  point  of  view,  SNAP  was  found  to  be  much  more 
economical  for  the  study.  Typical  comparative  execution  times  and  cost  per 
run  for  a combined  loads  case  on  the  Control  Data  6600  computer  system  are 
as  follows: 


NASTRAN  SNAP 

Execution  time,  sec 550  120 

Cost  per  run,  dollars 107  15 


These  comparisons  show  the  NASTRAN  execution  time  is  greater  by  a 
factor  of  about  4.5  and  costs  about  seven  times  as  much  as  the  SNAP  run. 

These  comparisons  should,  of  coiirse,  be  recognized  as  that  for  a particular 
static  problem  solution  rather  than  a general  observation.  SNAP  apparently 
attains  its  low  execution  costs  througn  the  use  of  a direct  elimination 
procedure  (see  ref.  5)  which  affords  substantial  savings  when  compared  with 
constant  or  variable-width  bemd  matrix,  active  column,  or  partitioning  solu- 
tion methods.  Information  distributed  by  the  author  of  reference  5 points  out 
that  in  run-time  comparison  studies  no  other  program  was  found  to  execute  as 
fast  as  SNAP;  in  very  large  problems,  very  substantial  differences  in  run  time 
(e.g. , factors  of  10  or  more)  have  often  been  observed. 
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CONCULDING  REMARKS 


The  NASTRAN  application  to  the  new  LaRC  piping  and  manifolding  system 
supports  the  adequacy  of  design  in  view  of  applied  stress  criteria.  The  ana- 
lysis defined  the  static  behavior  of  a complex  piping  system  and  significantly 
impacted  the  design  in  several  areas. 

Based  on  the  experience  gained  in  this  application,  it  is  believed  that 
NASTRAN  can  be  used  as  a powerful  tool  for  design  evaluation  of  complex  piping 
systems.  However,  major  additional  needs  for  NASTRAN  to  be  used  as  an  effi- 
cient piping  analysis  tool  are  identified  as  (l)  development  and  inclusion  of 
curved  beam  elements  and  (2)  stress  recovery  subroutines  for  pressurized  pipes 
and  curved  pipe  sections  subjected  to  combined  bending  loads. 

The  parallel  analysis  using  the  SNAP  program  gave  very  good  agreement  in 
numerical  results.  However,  SNAP  proved  to  be  much  more  economical  for  this 
particular  problem  application. 
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Figure  2.-  Existing  overhead  line. 
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100 


DEFLECTIONS  WHEN  FIXITY 
AT  X - 17.07  m 16.72  in.)  REMOVED 
GUIDE 

m iin.)r 


b TEMPERATURE 


-.00127 
(.05) 

0 h 

.00127  

(-.05)  22.86  25.4  27.94  30.48  33.02  35.56 
(900)  (1 000)  (1 100)  (1 200)  (1 300)  (1 400) 


X,  m (in.) 


HEADER 
GOOSENECKS 


Figure  7.-  The  0.61-m  (24  in.)  header  deflections  with  fixity  removed. 

Dimensions  are  in  m (in.). 


Figure  8.-  Defometlon  behavior  of  goosenecks  due  to  header  movement. 
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Figure  9.-  Stress  variations  with  change  in  anchor  point  location. 
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THERMAL  DISTORTION  ANALYSIS  OF  A 
DEPLOYABLE  PARABOLIC  REFLECTOR 

By  Lloyd  R.  Bruck  and  George  H.  Honeycutt 

NASA  Goddard  Space  Flight  Center 

SUMMARY 


The  Goddard  Space  Flight  Center  has  performed  a thermal 
distortion  analysis  of  the  Advanced  Technology  Satellite  (ATS-F) 
9.144m  (30  ft.)  diameter  parabolic  reflector  using  NASTRAN 
Level  15.1.  The  same  NASTRAN  finite  element  model  was  used  to 
conduct  a Ig  static  load  analysis  and  a dynamic  analysis  of  the 
reflector.  In  addition,  a parametric  study  was  made  to  determine 
which  parameters  had  the  greatest  effect  on  the  thermal  distortions. 
This  paper  describes  the  method  used  to  model  the  construction  of 
the  reflector  and  presents  the  major  results  of  the  analyses. 


INTRODUCTION 


The  ATS-F  is  the  latest  in  a series  of  spacecraft  designated 
as  Advanced  Technology  Satellites.  This  3-axis  stabilized 
synchronous  satellite  has  been  designed  as  a multiple  mission 
system  to  allow  for  numerous  communications,  meteorological 
and  scientific  studies. 

The  ATS-F  spacecraft  is  shewn  in  the  launch  configuration  in 
Figure  1 and  in  the  orbita)  configuration  in  Figure  2.  The 
predominate  feature  of  the  spacecraft  is  a 9.144ra  (30  ft.) 
diameter  parabolic  dish  high  gain  antenna.  The  success  of  many 
of  the  spacecraft  experiments  depends  on  maintaining  the  design 
surface  contour  of  the  parabolic  reflector  after  deployment.  In 
addition,  the  spacecraft  control  system  must  adhere  to  stringent 
oointing  and  slewin'  requirements  for  R-F  beam  positioning. 

The  surface  contout  of  the  reflector  is  distorted  in  orbit 
by  the  thermal  environment  of  space.  It  is  necessary  to  predict 
what  these  distortions  will  be  in  order  to  assess  the  R-F 
performance  of  the  reflector.  As  there  is  no  practical  or 
realistic  ground  test  that  will  provide  this  data  it  was  necessary 
to  resort  to  analytical  methods.  Accordingly,  GSFC  has  performed 
a thermal  distortion  analysis  of  the  ATS-F  reflector  using 
NASTRAN  Level  15.1  for  selected  thermal  load  cases  that  produces 
the  required  reflector  distortions. 

As  a partial  check  on  the  validity  of  the  NASTRAN  model  a Ig 
static  deflection  analysis  was  also  accomplished.  The  results 
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were  compared  with  an  actual  measurement  of  the  Ig  deflections  to 
provide  some  information  on  the  accuracy  of  the  model. 

To  help  determine  which  parameters  were  most  important  in 
controlling  the  thermal  distortions,  a parametric  study  was  made. 

In  this  study  the  effects  of  the  mesh,  ri~»  temperature,  and  rib 
thermal  gradients  were  varied  to  determine  the  relative  magnitude 
of  the  effects  on  the  thermal  distortions. 

In  addition, the  fine  pointing  and  slewing  requirements 
necessitated  obtaining  the  dynamic  characteristics  oi  the  reflector. 
With  only  slight  modification  to  the  static  NASTRAN  model  the  first 
natural  frequency  and  mode  shape  were  obtained  to  provide  infor- 
mation for  design  of  the  control  system. 

The  prime  contractor  for  the  ATS-P  spacecraft  is  Fairchild 
Space  and  Electronics  Company;  the  subcontractor  for  the  parabolic 
reflector  is  Lockheed  Missiles  and  Space  Company.  Both  of  these 
organizations  provided  information  which  made  these  analyses 
possible. 


REFLECTOR  DESCRIPTION 


General 

The  deployed  reflector  is  composed  of  48  flexible  ribs 
hinged  to  the  spacecraft  hub  at  7.5  degree  increments  as  shown  in 
Figure  2.  A woven  copper  coated  dacron  merh  serves  as  the  reflec- 
tive surface  and  is  connected  between  each  rib  at  the  top  edge  of 
the  rib.  When  stored  for  launch,  the  ribs  are  wrapped  around  the 
hub  with  the  mesh  carefully  folded  between  the  ribs.  The  packaged 
reflector  is  enclosed  by  a series  of  doors  that  are  secured  by  a 
circumferential  restraining  cable.  When  the  restraining  cable  is 
severed,  the  elastic  energy  stored  in  the  ribs  is  released  causing 
the  ribs  to  unwrap  to  the  deployed  position.  During  deployment 
the  ribs  pivot  freely  about  the  hinges  at  the  hub;  when  fully 
deployed  the  hinges  are  locked.  The  reflector  is  designed  so  that 
there  is  always  a small  tension  load  acting  on  the  mesh  keeping 
it  taut  during  orbit. 


Rib  Description 

An  indivl  ;.  al  reflector  rib  is  shown  in  Figure  3.  T'  ■<  rib 
tapers  in  width  its  attachment  at  the  hub  to  the  outer  edge 

of  the  reflectux  The  cross  section  of  the  rib  normal  to  the 
parabolically  cur.'ed  principal  axis  is  of  semi-lenticular  shape 
and  also  varies  along  the  rib.  Each  rib  5.s  made  from  a single 
piece  of  aluminum  sheet  with  varying  diameter  holes  cut  out  along 
its  length.  The  t.oles  are  provided  to  permit  the  heat  input  from 
the  sun  to  pass  freely  through  the  rib  to  prevent  excessively 
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severe  thermal  gradients . 

Mesh  Description 

The  R-F  reflective  mesh  is  constructed  from  copper  coated 
dacron  yarn  bundles  overcoated  with  a thin  silicone  sealant.  The 
warp  yarn  running  in  the  longitudinal  direction  (radially  along 
the  rib)  is  made  from  double  strand  dacron,  10  pair/cm  while  the 
filling  yarn  in  the  transverse  direction  (circumferential  from 
rib-to-rib)  is  made  from  single  strand  dacron  12.5  strands/cm. 

This  form  of  construction  makes  the  woven  mesh  behave  nonisotrop- 
ically  and  consequently  have  material  properties  (modulus  of 
elasticity  and  the  thermal  coefficient  of  expansion)  that  differ 
in  each  principal  direction.  Tests  on  the  mesh  have  revealed  that 
Poisson's  ratio  is  essentially  zero  for  this  material  in  both 
directions  indicating  that  the  yarns  in  either  direction  behave 
independently  of  one  another  when  each  is  loaded  individually. 

Hub  Description 

The  aluminum  hub,  Figure  4,  is  composed  of  tv;o  ring  sections 
connected  every  7.5  degrees  by  risers  located  midway  between  each 
rib.  The  reflector  is  protected  in  the  folded  position  by  a cover 
as  shown  in  Figure  4.  This  cover  provides  no  significant  load 
carrying  structure  to  the  hub.  The  rib  hinge  attachment  to  the 
hub  is  also  illustrated. 

Attachment  of  the  hub  to  the  spacecraft  is  provided  by  the 
mounting  assembly  indicated  in  Figure  5.  This  assembly,  located 
every  90  degrees,  provides  for  a rigid  attachment  of  the  hub  to 
the  spacecraft  except  for  the  rotation  that  is  allowed  to  take 
place  at  the  hinge.  The  purpose  of  this  method  of  attachment  is 
to  assist  in  the  isolation  of  the  antenna  from  any  structural 
motion  created  by  the  spacecraft. 

FINITE  ELEMENT  MODEL 
Rib  Model 

The  finite  element  model  of  the  rib  is  shown  in  Figure  6 
where  each  of  the  48  ribs  have  been  represented  by  10  bar  elements 
making  a total  of  480  rib  elements.  A significant  feature  of  the 
rib  model  is  that  the  offset  between  mesh  attachment  point  and  the 
rib  centroidal  axes  is  retained.  The  effect  of  this  offset  is  to 
introduce  a twisting  moment  about  the  rib  longitudinal  axis  when 
the  rib  is  loaded  in  the  lateral  (circumferential)  direction  by 
mesh  loads  and  a bending  of  the  rib  about  a circumferential  axis 
when  loaded  in  a radial  direction  by  the  mesh.  This  offset  is 
shown  in  Section  A-A  of  Figure  6 . 


The  shear  center  of  the  rib  and  the  rib  centroidal  axis  do 
not  coincide.  Prior  to  the  formulation  of  the  10  element  rib 
model  a much  more  detailed  plate  element  model  of  a single  rib 
was  generated  which  simulated  the  shear  center  offset.  Various 
thermal  gradients  were  applied  to  this  model  to  determine  the 
resulting  twist  and  warp  of  the  rib.  The  results  of  this  analysis 
indicated  that  the  offset  shear  center  causes  only  slight  twist 
and  warp  of  the  free  rib.  Because  the  mesh  would  act  to  resist 
the  twist  of  the  rib,  the  restraining  force  of  the  mesh  would  tend 
to  further  minimize  the  effect  of  twist  or  warp  on  the  thermal 
deformations.  Therefore,  it  was  concluded  the  effect  of  the  shear 
center  offset  is  minimal  and  can  be  neglected. 

The  reflector  deflection  resulting  from  thermal  or  gravita- 
tional loads  is  determined  for  grid  points  at  the  mesh  attachment 
point  to  the  rib. 

Hinges  are  provided  at  the  hub  for  attachment  of  the  ribs 
to  the  hub  and  to  allow  the  ribs  to  rotate  to  their  fully  deployed 
configuration.  These  hinges  become  fixed  at  deployment.  For 
this  reason  the  rib  hinges  were  fixed  in  the  model. 

Mesh  Model 

The  reflector  mesh  has  been  modeled  by  membrane  elements 
capable  of  carrying  in-plane  tension  loads.  Each  mesh  section 
between  ribs  has  been  subdivided  into  10  trapesoidal  membranes 
that  are  attached  to  each  corner  to  the  grid  points  located  at 
the  rib  edge.  The  nonisotropic  properties  of  the  mesh  have  been 
reflected  in  the  model  parameters;  the  mesh  thermal  coefficients 
of  expansion  and  modulus  of  elasticity  are  given  as  functions 
of  temperature. 


Hub  Model 

The  hub  is  modeled  with  bar  elements  as  shown  in  the  hub 
segment  depicted  in  Figure  7.  A centroidal  axis  offset  of  the 
upper  and  lower  hub  rings  at  the  hinge  has  been  provided  in  order 
to  position  the  hinge  elements  in  their  proper  location.  Four 
attachment  points  are  provided  for  securing  the  hub  to  the  space- 
craft. This  attachment  allows  rotation  of  the  hub  in  the  direction 
of  the  hinges  as  in  the  actual  construction  by  using  the  pin  flag 
option  in  NASTRAN. 


COMPLETE  FINITE  ELEMENT  MODEL 

The  complete  finite  element  model,  Figure  8,  is  composed 
of  the  hub,  mesh,  and  rib  models  discussed  previously.  This 
figure  was  obtained  by  using  the  plot  module  of  NASTRAN.  A total 
of  1404  elements  connected  between  728  grid  points  are  used  to 
model  the  complete  reflector.  As  every  grid  point  is  allowed  to 
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ive  6 degrees  of  freedom,  with  the  exception  of  4 grid  points 
lat  are  fixed  simulating  the  spacecraft,  there  are  4,344  total 
agrees  of  freedom. 

jK  In  the  static  analysis  the  decomposition  of  the  stiffness 

atrix  (semi-bandwidth  of  15  terms  with  87  active  columns  and  14 
aws)  consumed  the  bulk  of  the  computer  time.  Run  time  using 
tandard  core  on  the  IBM  360-95  for  one  static  load  case  was  15 
||-inutes,  10  minutes  of  which  was  used  decomposing  the  stiffness 
atrix. 

In  the  dynamic  analysis,  using  the  inverse  method  eigen- 
value extraction  routine,  obtaining  one  eigenvalue  used  about  35 
minutes  of  the  total  run  time  of  38  minutes. 

Ig  ANALYSIS 

A Ig  load  in  the  -Z  direction  was  placed  on  the  reflector 
|n  order  to  check  out  the  finite  element  model  and  to  provide  a 

fbmparison  with  static  deployment  test  results  of  the  actual 
ef lector.  Reflector  deflection  results  are  presented  as  plots 
f the  vertical  (Z)  deflection  of  the  rib  tip  at  4.572m  (180  in.) 
ladius  versus  rib  number.  Figure  9 illustrates  the  rib  numbering 
|ystem.  The  Ig  NASTRAN  result  and  actual  test  results  are  compared 
Figure  10.  This  comparison  indicates  good  agreement  with  the 
:tual  test  results  was  achieved. 

ORBITAL  THERMAL  DEFLECTION  ANALYSIS 


Thermal  Load  Input 

A reference  temperature  of  294“K  ^70®F)  was  assigned  to  each 

lement  to  define  the  as-assembled  temperature.  Orbital  tempera- 
ure  distribution  for  the  various  orbit  hours  served  as  the  thermal 
oad  input  for  the  finite  element  model.  The  temperatures  for  each 
ib  segment  (10  segments  per  rib)  were  determined  for  an  upper  node 
Ti)  and  a lower  node  (T2) . These  temperatures  were  averaged  in 
he  GSFC  analysis  to  define  the  temperature  assigned  to  the  rib 
lement  in  the  longitudinal  direction.  The  rib  gradient  across 
he  rib  was  calculated  using  (Tj^-T2)/d  where  d is  the  distance 
etween  the  upper  and  lower  nodes  (see  Figure  11) . Each  mesh 
lement  and  each  grid  point  was  assigned  a temperature;  for  those 
rid  points  where  nodal  temperatures  were  not  defined  a linear 
nterpolation  was  made. 

The  effect  of  the  spacecraft  attachment  to  the  deployed 

ief lector  is  presented  by  a set  of  initial  displacements  at  the 
our  attach  points. 
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Thermal  Deflection  Results 

Although  the  deflection  results  for  12  orbit  hours  were 
determined,  only  those  resulting  from  orbital  thermal  loads 
developed  during  orbit  hours  5,  12,  and  24  for  Beta  =0°  will  be 

presented  as  they  provide  a representative  sampling  of  the  total 
results.  Figure  12  presents  the  satellite  orientations  for  various 
orbit  hours  and  defines  the  orbit  angle  Beta. 

• Orbit  Hour  12,  Figure  13  ~ The  reflector  is  completely 
shaded  by  the  earth  and  is  very  cold.  The  shrinkage  of  the  reflec- 
tor caused  the  rib  tips  to  deflect  to  their  maximum  value. 

• Orbit  Hour  24,  Figure  1-.  ~ The  reflector  sees  its  least 
severe  thermal  load.  As  a consequence  its  deflections  are  a 
minimum. 

• Orbit  Hour  5,  Figure  15  " One  half  of  the  reflector  is 
shaded  by  the  other  half.  Because  of  this  effect,  the  thermal 
gradient  developed  across  the  rib  is  relatively  large  and  takes 
the  shape  plotted  in  Figure  16.  Note  that  the  plot  of  the  thermal 
gradient  across  the  rib  corresponds  closely  to  the  plot  of  the 
deflected  shape  of  the  reflector;  compare  Figures  15  and  16. 

PARAMETRIC  VARIATION  STUDY 

In  an  effort  to  determine  the  relative  effect  of  various 
model  parameters  on  the  deflection  of  the  reflector,  a parametric 
variation  study  was  conducted  on  the  finite  element  model.  The 
temperature  distribution  present  during  orbit  hour  5,  Beta=0  was 
used  for  the  five  cases  investigated. 

Case  1 - This  case  determined  the  reflector  deflection  with 
the  mesh  removed  and  with  the  thermal  gradient  across  the  width  of 
the  rib  set  equal  to  zero.  The  resultant  deflection.  Figure  17,  i: 
caused  by  the  rib  temperatures  and  radial  rib  gradient  only  and  is 
relatively  small. 

Case  2 - The  mesh  has  been  removed  and  only  rib  temperatures 
and  gradients  are  present,  both  radially  along  the  rib  axis  and 
across  the  width  of  the  rib.  The  results  of  this  variation  are 
shown  in  Figure  18.  Note  that  the  deflections  are  large  and  the 
shape  of  the  plot  of  the  rib  deflections  again  agrees,  as  expec -ad 
with  the  shape  of  the  plot  of  the  average  depthwise  temperature 
gradient  as  shown  in  Figure  16 . 

Case  3 - The  radial  mesh  elements  have  been  removed  and  only 
circumferential  mesh  elements  are  present.  The  rib  temperatures 
and  radial  temperature  gradient  are  present  along  the  rib,  but  the 
gradient  across  the  width  of  the  rib  has  been  set  equal  to  zaro. 
Deflection  results  are  shown  in  Figure  19.  Although  there  are 
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-major  differences  in  the  temperature  distribution  around  the  cir- 
;cumference  of  the  reflector  ranging  from  116®K  (-251®F)  to  269°K 
‘ (25®F) , the  net  effect  on  the  mesh  is  that  a uniform  tension  is 
^created  in  each  circumferential  band.  This  statement  is  sub- 
Istantiated  by  the  results  which  indicate  a uniform  deflection  is 
^created  at  the  outer  edge  of  the  reflector. 


I Case  4 - The  circumferential  mesh  elements  have  been  removed 

|and  there  is  no  depthwise  rib  gradient;  the  radial  mesh  elements 
fremain,  as  well  as  the  rib  temperatures  and  radial  rib  gradients. 
(Figure  20  presents  the  results.  The  net  effect  of  the  radial  mesh 
[can  be  obtained  from  subtracting  Case  1 results  from  this  case, 
icase  4.  It  would  appear  that  the  deflections  caused  by  the  radial 
imesh  element  are  insignificant  for  this  case. 

Case  5 - The  effect  of  varying  the  depthwise  rib  gradient  is 
shown  in  Figure  21.  The  results  of  3 parametric  changes  are  shown: 
no  gradient,  actual  gradient,  and  3 times  the  actual  gradient.  The 
major  impact  the  rib  gradient  has  on  the  deflection  is  evident. 

DYNAMIC  ANALYSIS 

The  finite  element  model  was  used  to  determine  the  first 
torsional  frequency  of  the  deployed  reflector.  Comparison  of  the 
NASTRAN  result  of  1.18  Hz  with  a value  obtained  from  a modal  survey 
test  of  1.15  Hz  indicates  good  agreement. 

A motion  picture  of  the  torsional  mode  was  obtained  by  the 
proper  adjustment  of  the  amplitude  in  repeated  plots  of  the  modal 
displacements  in  the  plot  routine  and  repeating  them  sequentially 
on  16mm  film. 

CONCLUSION 

NASTRAN  has  proven  to  be  a most  valuable  tool  in  conducting 
the  thermal  distortion  analysis.  Because  of  the  capability  built 
into  NASTRAN  the  parametric  study  was  easily  accomplished  by  the 
alteration  or  addition  of  a few  input  cards  The  value  of  the 
data  obtained  far  outweighed  the  cost  of  the  additional  computer 
time  required.  The  results  of  this  analysis  supplied  valuable 
information  on  the  performance  characteristics  of  the  parabolic 
antenna  and  provided  insight  into  the  structural  interactions  of 
the  various  parts  of  the  reflector. 

The  results  of  the  Ig  analysis  compared  favorably  with 
available  test  results  which  provided  some  confidence  that  the 
model  was  satisfactory.  Again  with  but  a few  card  changes  and 
using  a different  rigid  format  the  first  torsional  natural  frequency 
and  mode  shape  were  obtained. 
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The  addition  of  a beam  element  capable  of  handling  the  offset 
shear  center  effect  would  have  saved  the  considerable  time  and 
effort  expended  to  prove  it  had  little  effect  in  this  problem.  It 
is  recommended  that  this  capability  be  added  to  NASTRAN. 
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Figurt  8.  Complete  Finite  Element  Model 


Figure  9.  Reflector  Rib  Locations 
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Figure  12.  Sun-EarthSpacecraft  Orientations 
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STRUCTURAL  ANALYSIS  OF  LIGHT  AIRCRAFT  USING  NASTRAN 
By  Michael  T.  Wilkinson  and  Arthur  C.  Bruce 
Louisiana  Tech  University  ? 


The  finite -element  method  has  been  used  extensively  for  the  analysis  of 
major  aerospace  structures.  However,  there  seems  to  have  been  little  appli- 
cation of  the  method  to  light  aircraft  generally  desiifnated  in  the  homebuilt 
or  sport  category.  There  are  two  principal  reasons  for  the  lack  of  utili- 
zation of  computer  methods  in  this  area.  First/  designers  of  homebuilt  air- 
craft have  limited  awareness  of  the  ability  of  the  method.  Second,  the  high 
cost  generally  associated  •'■ri.th  any  computer  analysis  frightens  potentia3.  users 
away.  The  purpose  of  the  present  study  was  to  determine  whether  application 
of  NASTRAN  to  the  structural  analysis  of  light  aircraft  can  be  economically 
justified. 

For  a particular  application  a NASTRAN  model  has  been  made  of  the  "Baby 
Ace"  D model,  a homebuilt  design  whose  plans  are  distributed  by  the  Ace  Air- 
craft Company,  Asheville,  North  Carolina.  The  basic  design  consists  of  a 
fabric-covered  tubular  steel  fuselage  and  tail  section.  The  wing  is  a fabric- 
covered  spruce  frame  utilizing  a Clark-Y  airfoil.  The  aircraft  is  single 
place  and  designed  for  engines  ranging  from  48  to  65  kW  (65  to  85  hp). 

The  NASTRAN  model  of  the  crait  is  shown  in  figure  1.  It  consists  of  195 
grid  points  connected  by  552  structural  members.  All  members  are  either  rod 
or  beam  elements,  including  bending  of  unsymmetrical  cross  sections  and  tor- 
sion of  noncircular  cross  sections.  The  model  also  contains  pretensioned 
members  to  account  for  the  preloaded  drag  wires  on  the  wing  and  tail  sections. 

In  the  determination  of  the  mass  of  the  craft,  consideration  was  given 
to  both  structural  and  nonstructural  mass.  The  nonstructural  mss  consisted 
of  such  items  as  engine,  fuel.  Instruments,  pilot,  wheels,  fabric,  and  paint. 
This  nonstructural  mass  made  up  approximately  85.4  percent  of  the  total  mass 
and  was  Included  by  xising  numerous  concentrated  masses.  The  pcrtlon  of  the 
mass  due  to  fabric,  paint,  welds,  nails,  and  control  wires  amo’jnted  to  9-5 
percent  of  the  "«otal  mass  and  was  "smeared"  across  the  entire  craft. 

The  aerodjciamic  loads  applied  to  the  Baby  Ace  were  in  accordance  with 
FAA  regulations  governing  the  utility  category  aircraft.  Using  the  flight 
envelope  specified  in  these  regulations,  several  flight  conditions  were 
selected,  including  a 4.4g  stall  condition  at  the  maximum  angle  of  attack  of 
19°  and  a 4.4g  nonstall  pullup  at  a low  angle  of  1.8^.  In  each  case  the  anal- 
ysis included  the  inertia  relief  feature  of  NASTRAN.  The  lift,  drag,  and 
aerodynamic  moment  of  the  wing  were  calculated  in  a consistent  manner  from  the 
perfunnance  curves  of  the  Clark-Y  airfoil,  Purthermoro,  aerodyr-arlc  forces 
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were  also  applied  to  the  tail  section,  assuming  zero  pitching  acceleration. 

All  loads  were  entered  as  concentrated  forces  at  the  grid  points,  and  these 
forces  were  distributed  over  the  wing  and  tail  in  a statically  equivalent  man- 
ner. 


A summary  of  the  results  is  presently  bc’ng  made.  Preliminary  analysis 
indicates  that  approximately  71  percent  of  the  members  have  a factor  of  safety 
in  excess  of  5*  No  structural  inadequacies  have  been  determined  at  this  time. 
Thus,  it  appears  tnat  the  aircraft  Ij  overdesigned.  Should  further  study  of 
the  data  confirm  this  conclusion,  areas  will  be  designated  where  the  weight 
can  be  reduced  to  save  money  and  improve  flight  performance. 

In  addition,  this  problem  is  being  studied  by  means  of  the  substructure 
feature  available  in  Level  15 . 


Figure  1.-  Structural  members  of  Baby  Ace 


N7V 


TRANSIENT  ANALYSIS  USING  CONICAL  SHELL  ELEMENTS 

By  Jackson  C.  S.  Yang,  Jack  E.  Goeller, 
and  William  T.  Messick 

Naval  Ordnance  Laboratory 
SUMMARY 


The  use  of  the  NASTRAN  conical  shell  element  in  static, 
eigenvalue,  and  direct  transient  analyses  is  demonstrated.  The 
results  of  a NASTRAN  static  solution  of  an  externally  pressurized 
ring-stiffened  cylinder  agree  well  with  a theoretical  discontinuity 
analysis.  Good  agreement  is  also  obtained  between  the  NASTRAN 
dizect  transient  response  of  a uniform  cylinder  to  a dynamic  end 
load  and  one-dimensional  solutions  obtained  using  a method  of 
characteristics  stress  wave  code  and  a standing  wave  solution. 
Finally,  a NASTRAN  eigenvalue  analysis  is  performed  on  a hydro- 
ballistic  model  Idealized  with  conical  shell  elements. 


INTRODUCTION 


One  of  the  principal  areas  of  interest  at  the  Naval  Ordnance 
Laboratory  is  high-speed  water  entry  of  naval  ordnance.  In  order 
to  achieve  stable  water  entry  (no  broaching)  at  low  entry  angles 
off  the  horizontal,  the  nose  is  frequently  made  blunt  so  that 
the  Impact  force  is  nearly  axial.  The  rise  time  of  the  impact 
force  can  be  quite  small,  depending  on  the  entry  angle.  Hence, 
a transient  analysis  of  structural  response  is  required.  This 
paper  deals  with  an  analysis  of  a ring-stiffened  hydroballistic 
model  which  is  designed  to  impact  the  water  at  very  high  speeds. 

The  NASTRAN  conical  Shell  element  appeared  to  be  useful  since 
many  of  the  models  tested  at  NOL  are  axisymmetrlc,  monocoque 
structures  of  contour  shape  which  are  exposed  to  external 
pressure  and  axial  and  transverse  loads.  However,  there  has 
been  little  reported  use  of  this  element.  Reference  1 illustrates 
its  use  in  a modal  analysis  of  a ring-stiffened  shell  and 
demonstration  problem  1.5  (reference  2)  is  a static  loading  of 
a uniform  cylindrical  shell.  In  order  to  gain  confidence  in  the 
use  of  the  conical  shell  element  before  modeling  the  hydroballistic 
model,  sioqple  structures  were  analysed  and  the  results  compared 
to  theoretical  values.  NASTRAN  runs  were  made  on  the  CDC  6400 
conqputer  at  NOL  using  Level  15.1.1. 
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SYMBOLS 


A cro8s~8ectional  area  of  8hell 


E ntodulu8  of  elaaticlty 

Fq  con8tant  end  load  on  cylindrical  ahell 
h thicknes8  of  cylindrical  shell 

L length  of  cylindrical  shell 

m mass  per  unit  length  of  cylindrical  shell 

axial  moment  per  unit  length 
R radius  of  neutral  axis  of  circular  cylinder 

t time 


' rise  time  of  force  pulse 

u axial  displacement 


X 

6 


®x 


axial  distance 

displacement  of  circular  shell  at  junction  with  ring 
stiffener 

Poisson's  ratio 

hoop  stress 

axial  stress 

rth  eigenvalue  in  circular  frequency 

EXTERNALLY  PRESSURISED  RIN6-rTIFPENSD  CYLINDER 


/ 


I 

I 


. 


The  ring-stiffened  shell  section  of  a hydroballistic  model  i 
was  analysed  to  detesmine  the  stresses  when  it  is  exposed  to  | 
external  pressure  during  launch  in  the  gas  gun.  A midsection  ]|  ' , 
oonsisuing  of  three  typical  bays  was  analysed.  The  shell  was 
assumed  to  be  olasqped  at  each  end  (no  pressure  applied  at  ends) . ) 
Figure  1 depicts  the  finite  elements  used  in  synthesising  the 
NA8TRAN  model  of  the  ring-stiffened  cylindrical  shell.  The  ‘ 

overall  model  had  96  rings  (or  grid  circles)  and  95  elements,  I 

yielding  a total  of  471  degrees  of  freedom  for  each  harmonic.  i 
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The  zero^^  harmonic  was  used  in  the  problem  since  the  loading 
was  axisymmetric.  The  material  for  the  model  is  aluminxun. 
Element  forces,  bending  moments,  stresses  and  ring  point 
deflections  were  obtained  for  an  externally  applied  pressure 
load  of  6.894  (10®)  N/m2,  to  gain  further  insight  in  using 
conical  shell  elements,  multipoint  constraints  were  applied  to 
the  ring  at  the  junction  between  the  ring  stiffener  and  the 
cylindrical  shell.  This  eliminates  the  overlapping  of  material 
from  the  stiffener  and  the  cylindrical  shell,  see  Figure  1.  The 
nuniber  of  elements  was  also  varied  to  observe  the  effect  of 
element  size. 


A discontinuity  analysis  was  done  on  the  ring-stiffened 
cylinder  in  order  to  assess  the  accuracy  of  the  NASTRAN  results. 
The  rings  were  considered  to  have  a thick-walled  Lamd  stress 
distribution  caused  by  the  discontinuity  shear  force  at  the 
ring-shell  junction.  The  short  shell  between  rings  was  considered 
a beam  on  an  elastic  foundation  so  that  displacement  and  slope 
relations  from  reference  3 were  used.  By  using  compatibility  of 
slopes  and  displacements  at  the  junction,  the  discontinuity  shear 
and  bending  moment  were  obtained.  Axial  and  hoop  stresses  were 
calculated  from 
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The  significant  results  from  the  NASTRAN  static  analysis 
(rigid  format  one)  and  the  discontinuity  analysis  are  presented 
in  Figures  2 through  5.  Figure  2 shows  a comparison  of  the  radial 
displacement  along  the  center  bay.  Figure  3 shows  the  hoop  stress 
at  the  inside  and  outside  wall.  The  agreement  is  quite  good. 
Figures  4 and  5 show  the  eon^arison  of  the  axial  bending  moment 
and  axial  stress.  The  agreement  is  quite  good  in  close  proximity 
to  the  stiffener,  but  gradually  deviates  near  the  midspan  of  the 
bay.  This  might  possibly  be  improved  by  using  smaller  elements. 
The  ring  sise  was  very  important  around  the  stiffeners  because 
of  the  rapid  attenuation  of  the  bending  moment.  Very  few 
differences  were  observed  when  MFC  was  used  at  the  junctions 
of  the  shell  and  the  stiffeners.  This  Indicates  that  the 
overlapping  does  not  have  too  much  effect  on  the  results  for  the 
shell- to-ring  thickness  ratio  used  in  this  problem. 
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RESPONSE  OP  UNIFORM  CYLINDER  TO  DYNAMIC  AXIAL  LOAD 


In  a typical  water~entry  body,  the  structure  is  exposed 
to  transient  loading  and  the  body  must  be  considered  as  free-free. 
Before  proceeding  to  actual  modeling  of  the  complex  structure 
involving  stiffening  rings,  etc.,  several  sin^lified  structural 
models  were  investigated  and  comparisons  made  with  known  classical 
solutions.  Rigid  format  nine,  "direct  transient  analysis,"  was 
used  in  the  NASTRAN  program.  Figure  6 depicts  the  finite  elements 
used  in  synthesizing  the  NASTRAN  model  of  the  cylindrical  shell. 
The  overall  model  had  21  rings  (or  grid  circles)  and  20  elements, 
yielding  a ^ct.-.l  of  42  degrees  of  freedom  for  each  harmonic.  The 
zero^  harmonic  was  used  in  the  problem  since  the  loading  was 
axisymmetric. 

The  transient  dynamic  stresses,  element  forces,  emd 
deflections  were  obtained  for  selected  elements  and  rings.  Three 
cases  of  dynamic  loads  were  applied  to  one  end  of  the  cylindrical 
shell.  The  dynamic  loads  consist  of  a constant  force  with  two 
different  rise  times  and  a trapezoidal  pulse.  These  dynamic 
loads  are  specified  on  TABLEDl,  TLOadI,  and  DAREA  cards.  The 
structure  was  considered  as  having  free-free  boundary  conditions. 
Comparisons  of  the  NASTRAN  results  were  made  with  one-dimensional 
stress  wave  code  which  uses  the  method  of  characteristics  and 
also  a one-dimensional  closed  form  standing  wave  solution.  These 
latter  solutions  do  not  include  the  effect  of  hoop  stress  as  the 
NASTRAN  element  does. 


The  standing  wave  solution  was  obtained  for  a frf.e-free  bar 
loaded  at  the  end  x ■ 0,  by  a force  which  is  a ramp  to  time  to 
and  a constant  Fq  after  tp.  The  displacement  of  the  bar  is 
given  by  (see  reference  4) 
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where  u. 


he  first  term  is  the  rigid  body  notion.  The  second  term  may  be 
ooked  upon  as  the  static  deformation;  the  series  represents  the 
armonic  oscillation  terms.  The  stress  can  be  computed  from 


Figure  7 shows  a conqparison  of  displacement  at  the  end 
(X  ■ 0)  where  the  force  is  applied  and  at  the  midspan  (x  = 152.4 
xn) . The  NASTBAN  solution  follows  the  simplified  theoretical 
solution  reasonably  well.  Figure  8 shows  a comparison  of  the 
ixial  stress  at  the  neutral  axis  of  the  first  element  and  the 
nidspan  element.  This  axial  stress  was  used  since  the  theoretical 
solution  ignores  bending  stress.  The  comparisons  are,  in  general, 
lot  bad.  There  appears  to  be  some  long-time  effect,  but  this 
night  be  due  to  the  rather  large  element  size  used  in  the  NASTRAN 
solution.  Figures  9 and  10  show  similar  comparisons,  except  a 
shorter  rise  time  was  used  on  the  loading  functions.  Figure  11 
shows  a conparison  of  axial  stress  at  the  first  element  and 
nidspan  element  for  a trapezoidal  loading  pulse.  Again,  the 
x>nparlson  with  the  one-dimensional  stress  wave  theory  is 
reasonably  good. 


EIGENVALUE  ANALYSIS  OF  HYDBOBALLISTIC  MODEL 


The  hydroballistic  model  and  the  finite  element  discretization 
ire  shown  in  Figure  12.  The  length  of  the  model  is  345.12  cm  and 
the  body  diameter  is  34.29  cm.  It  consists  of  a thick-walled 
titanium  nose  section  and  ring-stiffened  aluminum  mid  and  tall 
sections.  The  aluminum  skin  is  .794  cm  thick.  Four  equally 
spaced  fins  are  attached  to  the  midsection  and  four  to  the  tail 
section. 

The  blunt  nose  of  the  model  causes  the  load  at  water  impact 
to  be  nearly  axial.  Therefore,  the  axial  mode  of  vibration  of 
the  model  was  examined.  Figure  12  shows  the  74  rings  and  74 
Minlcal  shell  elements  used  to  represent  the  model.  The  neutral 
ixis  of  some  of  the  elements  has  been  moved  instead  of  retaining 
the  original  positions  and  using  MFC's  to  connect  the  rings. 
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The  reason  is  that  in  a static  analysis  of  a clamp  band  which 
had  MPC'd  rings  at  disco;itinuities  in  section^  an  ill-conditioned 
stiffness  matrix  was  obtained.  The  "epsilon  sub  E"  check  yielded 
values  on  the  order  of  one.  Since  the  changes  in  stiffness  of 
the  hydroballistic  model  sections  were  even  more  severe,  it  was 
thought  that  for  a first  solution,  a slight  loss  in  accuracy  from 
modifying  the  model  would  be  acceptable. 

The  eigenvalue  analysis  was  performed  for  axial  vibration 
by  allowing  radial  and  axial  displacement  and  axial  rotations  at 
each  ring.  Thus,  a 222-degree-of-freedom  model  was  analyzed. 

The  first  ten  modes  of  vibration  are  given  in  Table  1.  The 
fundamental  mode  of  282  cycles  per  second  seems  reasonable. 
Shifting  the  neutral  axes  of  some  shell  sections  yielded  a 
well-conditioned  matrix  with  the  "epsilon  sub  E"  check  having 
a value  of  3 x 10“ 13. 

The  transient  response  to  an  axial  impulse  will  be  obtained 
and  the  results  compared  to  the  data  obtained  from  the  instru- 
mented hydroballistic  model  with  a water-entry  velocity  of  305 
meters  per  second. 


COrJCLUSIONS 


The  results  obtained  from  using  the  NASTRAN  conical  shell 
element  agree  well  with  theory.  Using  a 90-degree  orientation 
for  the  conical  shell  element  and  an  MFC  for  representing  a rjng 
stiffener  yields  excellent  results.  However,  using  MFC's  to 
connect  discontinuities  in  neutral  axis  radii  can  lead  to  ill- 
conditioned  matrices. 

Using  the  conical  shell  element  in  static  analyses  is 
routine.  However,  in  the  process  of  applying  rigid  fo3nnat  nine 
ilirect  transient  emalysis)  to  conical  elements,  a number  of 
non-standard  procedures  must  be  practiced  in  order  to  obtain 
the  results.  The  P field  in  the  DABEA  bulk  data  card  must  be 
determined  by  the  following  formula: 

P ■ ring  ID  + 10®  * (Harmonic  + 1) 

In  the  case  control  deck,  reference  to  "grid  points"  is  by  the 
same  formula.  In  the  executive  control  deck,  an  alter  must  be 
used  to  switch  to  Sort  1 output.  This  enables  the  output  to  be 
printed  in  an  orderly  fashion. 

It  is  hoped  that  some  of  the  bugs  encountered  in  using 
the  conical  shell  element  will  be  eliminated  so  that  more  use 
can  be  made  of  it.  For  axisymmetric  structures  subjected  to 
loads  which  may  be  accurately  expressed  with  a small  number  of 


harmonics,  it  is  less  costly  to  use  this  element  than  to  model 
with  a large  nximber  of  plates. 


ACKNOWLEDGEMENTS 


The  authors  would  like  to  thank  Dr.  G.  Evers tine  of  the 
Naval  Ship  Research  and  Development  Center  and  Mr.  R.  Edwards 
of  the  Naval  Ordnance  Laboratory  for  their  helpful  assistance 
and  suggestions. 


REFERENCES 


1.  Everstine,  G. , Ring-Stiffened  Cylinder,  Proceedings  of  the 

NSRDC-NASTRAN  Collegium,  held  at  NSRDC,  Washington,  D.  C., 
12-13  Jan  1970,  Paper  3.3 

2.  NASTRAN  Demonstration  Problem  Manual  (Level  15) , NASA 

SP-224(01),  Jun  1972 

3.  Het^nyi,  M. , Beams  on  Elastic  Foundation,  The  University  of 

Michigan  Press,  Ann  Arbor,  Michigan,  ^967 

4.  Meirovitch,  Leonard,  Analytical  Methods  in  Vibrations, 

Macmillan  Company,  New  York,  New  York,  1967 


151 


Table  1 - Eigenvalues  for  the  Hydroballistic  Model 


Mode  Number 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 


Eigenvalue  (cycles/second) 
0.0 
282 
644 
843 
1365 
1692 
2300 
2582 
2975 
3194 
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DYNAMIC  ANALYSIS  OF  A LONG  SPAN,  CABLE-STAYED  FREEWAY 

BRIDGE  USINr,  NASTRAN 

By  W,  L.  Salus  and  R.  E.  Jones  M.  W.  Ice 

Boeing  Aerospace  Company  Boeing  Computer  Services,  Inc. 

SUMMARY 

The  dynamic  analysis  for  earthquake-  and  vrind-induced  response  of  a long  span,  cable- 
stayed  freeway  bridge  by  NASTRAN  in  conjunction  with  post-processors  is  describud. 
Details  of  the  structural  modeling,  the  input  data  generation,  and  numerical  results  are 
given.  The  influence  of  the  dynamic  analysis  on  the  bridge  design  Is  traced  from  the 
project  initiation  to  the  development  of  a successful  earthquake  and  wind  resistant  con- 
figuration. 

INTRODUCTION 


During  the  summer  of  1972,  plans  were  formulated  to  design  and  build  a nev/  freeway 
bridge  in  Seattle,  Washington,  crossing  the  lower  Duwomish  waterwoy.  This  structure, 
called  the  West  Seattle  Freeway  Bridge,  is  to  provide  a four  lane  highway  ond  public 
transit  connection  between  the  city  and  the  nearby  residential  and  commetcial  areo  of 
West  Seattle.  The  Duwomish  waterway  at  this  locotlon  is  novigable  by  large  vessels 
and  the  bridge  is  required  to  be  both  high  and  long,  so  as  not  to  interfere  with  the 
water  traffic.  For  these  and  esthetic  reasons,  a cable-stayed  design  was  decided  upon. 
Figure  1 illustrates  the  initial  design  concept(U.  Plonview  and  elevation  view  curvo- 
tures  are  required  by  the  orientations  of  the  connecting  freewoy  approach  strjctures. 

The  main  foundation,  supporting  the  tower  from  which  the  cobles  are  suspended,  is 
located  near  the  edge  of  the  waterway  channel,  and  all  foundations  ore  supported  by 
piles  driven  into  the  deep,  soft,  saturated  soil  at  the  site.  The  initial  design  incor- 
porated a deck  structure  consisting  of  a slab  supported  by  girders  and  a rigid -frame 
type  of  tower  structure,  os  shown  In  the  figure. 

Because  of  Seattle's  location  in  an  earthquake  zone,  and  becouse  bridges  such  as  the 
West  Seattle  design  ore  subject  to  wind -induced  oscillations,  it  was  decided  by  the 
Seattle  City  Engineering  Department  to  conduct  a thorough  dyncenic  anolysis.  The 
Boeing  Company  was  engaged  to  perform  this  analysis. 


(I)  Configuration  and  detail  design  data  shown  in  this  paper  were  provided  by  the 
firm  of  Knoerle,  Bender,  Stone,  and  Associates,  Inc.,  Consulting  Engineers, 
Seattle,  Washington;  retained  by  the  City  of  Seattle  to  perform  the  engineering 
design  for  the  West  Seattle  Freeway  Bridge  project. 
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The  initial  work  plan  included  analyses  of  o number  of  different  bridge  preliminary  de- 
signs, including  both  concrete  and  steel  deck  constructions,  in  support  of  the  develop- 
ment of  a final  structural  design  concept.  Finite  clement  analysis  was  decided  upon. 
The  need  for  parameter  studies  of  the  configurations  of  the  deck,  pile  foundations,  and 
the  tower  and  pier  structures  was  forseen.  Thus,  a large  number  of  analyses,  with 
little  setup  time  between  them,  was  onticipated,  and  a simple  computer  model  was  de- 
sired. However,  the  nature  of  the  deck  design,  particularly  the  combination  of  gir- 
ders v/ith  a long  span  curved  in  both  elevation  and  planform,  suggested  that  a complex 
structural  behavior  might  occur,  requiring  a correspondingly  careful  structural  modeling. 
Therefore  it  was  decided  to  perform  two  types  of  analyses,  the  first  quick  and  simple, 
representing  the  deck  structure  as  a single  curved  beam,  and  the  second  more  detailed, 
representing  the  structural  components  of  the  deck  by  individual  finite  elements  in  the 
computer  model.  Figures  2 and  3 are  computer  plots  which  illustrate  these  two  mo- 
dels. Though  Figure  3 is  quite  crowded  with  element  lines,  the  individual  girder  web 
and  flange  elements  can  be  seen  at  the  right  end  of  the  span.  A verification  of  the 
validity  of  the  data  computed  with  the  simple  model  was  planned  to  be  obtained  by 
a comparison  of  its  modes  and  frequencies  with  those  of  the  complex  mode.  This,  in 
addition  to  arranging  the  coniputer  coding  to  facilitate  convenience  in  parameter  stu- 
dies, constituted  the  overall  work  olan  for  the  structural  modeling. 

The  specific  goals  of  the  dynamic  analysis  were  the  calculation  of  earthquake-induced 
stresses  in  the  structure  and  the  calculation  of  the  critical  windspeeds  at  which  aero- 
dynamically  induced  unstable  deck  oscillations  could  occur.  Predictions  of  these  data 
were  made  on  the  sequence  of  bridge  designs  which  were  generated  as  the  project 
developed.  It  was  found  that  both  earthquake-  and  wind-induced  responses  are  critical 
design  conditions,  arxi  that  the  initial  types  of  design  configurations  were  not  capable 
of  withstanding  these  responses  (Reference  1).  On  the  basis  of  these  early  evaluations, 
criteria  were  developed  for  achieving  dynamically  sotisfactory  designs.  Principally, 
these  criteria  specified  the  frequencies  of  the  structural  vibration  modes  to  avoid 
large  earthquake  response  and  specified  the  deck  torsional  stiffness  and  the  shape  of 
the  deck  cross-section  to  avoid  wind-induced  unstable  oscillations. 

The  criteria  led  to  a modification  of  the  deck  cross-section  to  the  slant-sided,  multi- 
cell closed  section  shown  in  Figure  4a  and  to  a modification  of  the  t^wer  to  the  wall- 
type  configuration  shown  in  Figure  4b.  Designs  incorporating  the  features  of  Figure  4 
ore  satisfoctory  for  both  wirnl-  and  earthquake- induced  dynamic  response.  Currently, 
additional  studies  are  underway  to  optimize  this  basic  design  for  earthquake  resistance 
by  adjusting  its  vibration  mode  frequencies  to  avoid  the  known  frequencies  of  princi- 
pal earthquake  excitation.  This  work  has  achieved  a significant  reduction  in  the  re- 
quired reinforcing  steel.  The  detail  design  phase  of  the  work  will  continue  to  be 
supported  by  dynamic  analysis  until  the  design  is  finalized,  in  the  foil  of  1973. 

This  paper  discusses  those  aspects  of  the  work  which  ore  associated  with  the  finite  ele- 
ment idealization  and  the  modal  anolysis.  This  work  has  been  done  with  the  NASTRAN 
system,  which  hos  proved  to  be  a highly  effective  tool  in  this  application. 
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I SELECTION  OF  NASTRAN 

I 

t The  NASTRAN  system  has  several  features  which  are  advantageous  for  thir  problem, 
Heading  to  its  choice  over  other  available  structural  analyzers.  Several  of  these  fea- 
tures are  mentioned  briefly  in  this  section;  others  are  discussed  in  more  detail  in  later 
^descriptions  of  the  finite  element  idealizations.  The  use  of  combined  cylindrical  and 
'Cartesian  coordinates  was  helpful  in  modeling  the  combined  circular  arc  and  straight 
^line  geometry  of  the  bridge  planform.  The  ability  to  specify  nonstructurol  mass  on  the 
tCBAR  elements  was  useful  since  structural  data  were  provided  in  the  form  of  mass  per 
irunning  foot  on  major  structural  members.  The  multi-point  constraint  feature  was  parti- 
Scularly  useful  for  representing  the  connectivity  between  different  portions  of  the  bridge 
Istructure.  In  particular,  this  was  necessary  to  represent  proper  connections  of  the 
»eck  structure  to  the  supporting  cables,  piers,  and  the  tower,  and  to  represent  the 
■footing  connections  to  the  piles.  Multipoint  constraints  were  also  used  in  the  more 
icomptex  model  (called  the  3D  model)  to  connect  the  individual  girders  to  the  deck 
■slab.  The  NASTRAN  plotting  feature  was  used  to  obtain  pictorial  descriptions  of  the 
ptructural  vibration  modes.  In  the  case  of  seismic  analysis  this  is  particularly  impor- 
Itant,  because  seismic  re^onse  is  strongly  dependent  on  both  the  shape  and  the  direction 
of  principal  modal  motions.  Hence,  pictorial  data  permit  a quick,  ^qualitative  assess- 
ment of  the  likely  seismic  importance  of  the  structural  modes.  And  Hnally,  since  the 
seismic  and  flutter  analyses  were  done  by  additional  processing  of  the  results  of  the 
modal  analysis,  a convenient  data  access  system  such  as  the  NASTRAN  checkpoint/ 
restart  tape  feature  was  required.  Thus  NASTRAN  appeared  to  be  particularly  well 
suited  to  the  technical  requirements  of  the  problem. 

Additional  motivation  for  using  NASTRAN  was  provided  by  the  ovailobility  of  Boeing's 
input  language,  SAIL,  which  has  been  adapted  for  NASTRAN  input.  Most  of  the  bulk 
data  were  generated  automatically  by  the  use  of  SAIL.  Bridge  geometric  data  were 
provided  in  equation  form,  which  can  be  coded  directly  in  SAIL's  automatic  grid  point 
generation  format.  In  addition,  SAIL  has  the  capability  to  generate  data  within 
special  (parameter-controlled)  subroutines,  called  external  data  generators.  External 
data  generators  were  used  to  generate  NASTRAN  multi -point  constraint  equations,  the 
girder  plus  slab  deck  simulation  of  the  3D  model,  and  the  pile  foundation  simulations. 
These  data  generation  routines  are  designed  such  that  a set  of  input  porameters  con- 
trols the  generation  of  data.  By  changing  a few  of  these  parameters,  a complete  new 
let  of  data  can  be  produced,  simulating  a new  design  concept.  Through  such  auto- 
matic input  generation  it  was  possible  to  obtain  rapid  turnaround  of  onolyses  to  support 
the  design  development. 

A separate  computer  progrom  was  written  to  perform  the  seismic  onalysis,  using  the 
response  spectrum  analysis  method.  This  analysis  requires  the  mode  shopes,  frequencies, 
generalized  mass,  and  internal  element  forces  produced  in  the  modal  analysis.  The 

I NASTRAN  checkpoint/restart  tope  provided  access  to  these  data.  Since  NASTRAN 
lonnally  does  not  checkpoint  element  forces,  a simple  Alter  wos  used  to  checkpoint 
the  element  force  file  OEFl. 
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BEAM  (STICK)  FINITE  ELEMENT  MODEL 


Purpose 

To  perform  dynamic  analysis  in  support  of  design  trade  studies,  a simple  model  of  the 
bridge  structure,  easily  modified  and  with  reasonably  short  run  time,  was  set  up. 

Called  the  "stick"  model,  it  uses  simple,  beam  type  representations  of  all  structural 
components.  Because  of  the  simplicity  «.  f this  model,  it  was  possible  to  make  para* 
metric  studies  of  important  porometers,  such  as  the  tower  stiffness  and  the  earth  lateral 
resistance  to  pile  motions,  in  order  to  assess  the  importance  of  these  factors  early 
in  the  program. 

Description  of  the  Model 

There  were  two  basic  configurations  from  which  the  porometer  studies  were  made:  the 
stdel  bridge  alternate  arxi  the  concrete  bridge  alterrKite.  The  models  of  each  of  these 
configurotions  included  the  tower,  piers  (four  piers  in  the  steel  model,  three  in  the 
concrete  model),  the  footings,  piling,  and  earth  springs  to  represent  lateral  earth  resis- 
tance to  pile  motions,  and  the  deck  itself.  The  modeling  of  the  piers,  footings,  piles 
and  earth  springs  was  of  primary  importance  in  seismic  response.  The  deck  modes  arKi 
consequently  the  deck  modeling  were  of  primary  interest  in  the  flutter  analysis.  The 
finite  element  models  included  the  main  span  portion  of  the  overall  bridge  structure, 
which  is  defined  by  the  locations  at  which  the  deck  bending  continuity  with  the  ap- 
proach spans  ts  fprminated.  This  arrangement  resulted  in  analyzing  the  main  span  plus 
several  shorter  adjacent  *oans,  as  required  for  the  particular  configuration  in  question. 

Figures  5 and  6 illustrate  th.e  steel  and  concrete  finite  element  models.  The  outward 
appearances  of  the  ^wo  models  ore  alike  except  that  the  concrete  model  has  one  less 
pier  and  a slightly  modified  tower  appearance.  In  reality,  however,  the  deck  proper- 
ties obviously  change  as  do  the  grid  point  locotions  and  all  mass  and  stiffness  proper- 
ties. 

The  deck  geometry  in  the  plon  view  is  a straight  line  for  somewhat  less  than  half  the 
span  and  a circular  arc  for  the  remaining  part.  The  steel  bridge  initioMy  analyzed  is 
1215  feet  long  artd  the  concrete  bridge  is  1040  feet  long.  The  deck  describes  a poro- 
bolic  ore  vertically  with  a peak  elevation  of  156  feet.  The  deck  structure  consists  of 
the  concrete  slab  of  the  roodbed  and  the  integrally  constructor'  crete  or  steel  sup- 
porting girders.  The  outermost  girders  ore  of  fascia  box  const' < .*  jn.  Figure  1C  showe 
o typical  croM  section  for  the  concrete  alterr>o*e.  The  section  properties  change  olortg 
the  span  at  required  by  the  design  moments  and  the  applicable  design  code  loodirtg 
conditions. 

The  tower  supports  the  deck  throi>gh  pin  supports . The  four  cable  stays  attach  to  the 
top  of  the  tower  orto  to  the  deck  175  feet  or  either  side.  The  piers  support  the  deck 
by  roller  type  supports  which  permit  relotive  .ongitudinol  motions.  The  tower  and  pier 
footings  are  supported  on  pile  groups  which  very  in  size  with  906  piles  maximum  for 


146 


REPRODUriBIUTY  OF  THE  ORIGINAL  PAGE  IS  POOR. 


the  tower  and  66  piles  minimum  for  one  of  the  piers. 

The  piling  simulation  is  shown  by  Figure  7.  Both  pile  elements  and  elements  represent- 
ing earth  lateral  stiffness  ore  employed.  Four  s'mu'ated  piles  can  provide  a correct  re- 
presentation of  pile  group  behavior^  and  this  number  was  chosen  to  keep  to  a minimum 
the  number  of  elements  in  the  model.  Each  of  the  four  piles  ir  a simulated  pile  group 
consists  of  two  ''.BAR  elements,  and  is  fixed  at  the  base  (called  the  point  of  fixity)  and 
provided  with  four  springs  (oriented  parallel  and  perpendicular  to  the  spon)  ro  resist  mo- 
tion relotive  to  the  surrounding  earth.  In  the  figure,  for  simplicity,  earth  springs  are 
shown  on  only  one  pile.  The  point  of  fixity  is  determined  from  a detailed  pile  deflec- 
tion anolysis*,  and  is  the  uppermost  point  at  which  zero  pile  bending  slope  occurs  to- 
gether with  a very  small  pile  deflection. 

The  earth  spring  element  properties  ore  defined  by  effectively  integroting  the  distributed 
earth  lateral  stiffriess  over  a pile  length  which  is  considered  tributo'y  to  c particular  pile 
grid  point.  The  application  of  earth  lateral  resistance  at  only  two  points  on  the  pile  is 
on  approximation  of  a type  customarily  mode  in  discrete  element  analysis,  and  would  not 
normally  be  a cause  for  concern.  In  the  present  case,  however,  because  lateral  earth 
stiffness  was  found  to  be  a very  Importont  parameter,  it  was  desired  to  verify  the  ode- 
quacy  of  the  discrete  representation.  This  was  accomplished  by  comparing  pile  deflec- 
tions computed  for  the  two  grid  point  pile  to  those  obtained  for  a many  grid  point  - 
many  eorth  spring  representation.  The  two  grid  point  pile  was  fouiJ  to  predict  deflec- 
tion within  10%  at  the  top  of  the  pile.  This  accuracy  is  suitable  for  the  dynamic  on- 
olysis,  and  further  refinement  wiihin  the  framework  of  linear  elastic  analysis  does  not 
appear  worthwhile. 

The  simulated  pile  and  earth  spring  stiffnesses  in  the  finite  element  model  are  determined 
to  provide  the  actual  combined  stiffness  of  the  entire  pile  group.  Denoting  by 
earth  spring  stiffness  which  would  be  computed  for  one  actual  pile  within  a pile  group, 
the  following  is  the  spring  stiffnesses  required  in  the  finite  element  simulation. 

k,  = k,  . N . 1 
^model  7 

N is  the  number  of  piles  in  the  grcup.  The  1/4  foctor  distributes  the  total  group  earth 
loterol  stiffness  to  the  four  simulotev^  piles,  in  addition,  the  piles  ore  located  withii; 
the  footing  oreo  (Figure  7)  such  thot  the  moments  of  inertia  of  le  simulated  pile  oreas 
about  the  footing  longitudinal  and  transverse  oxes  match  those  of  the  actual  pile  group. 
This  provides  simulation  of  pile  group  bending  stiffnesses.  The  use  of  N in  the  k,  for- 
mula would  appeor  to  presume  that  all  piles  in  the  group  sustain  equal  lateral  locras 
from  the  earth.  Since  this  is  known  to  be  untrue,  an  ad{ustment  was  mode  in  the  k^ 
earth  property  to  occount  for  group  pile  oction.  The  combination  of  group  action  and 
vibrotory  behavior  in  the  eorthquaK>  was  occounteJ  for  by  taking  k^  to  be  one-sixth  the 
stotic,  single  pile  value.  This  adjustment  is  based  on  reported  research  on  group  pile 

* Point  of  ^xlty  ond  eorth  loterol  stiffness  doto  were  provided  Ky  the  firm  of  Shannon 
orxf  Wilson,  Soil  Mechonics  and  Foundation  Engineers,  Seattle,  Woshington, 


action  . However,  In  application  to  a particular  pile  group,  such  a factor  is  neces- 
sarily arbitrary,  and  It  was  felt  necessary  to  evaluate  the  sensitivity  of  the  structural 
behavior  to  variations  in  kj^.  To  accomplish  this,  a number  of  computer  runs  were  made 
with  widely  varying  earth  spring  stiffnesses.  It  was  found  that  modal  and  earthquake 
response  data  are  very  sensitive  to  changes  in  earth  spring  stiffness  for  the  case  of  rela- 
tively soft  springs,  with  structural  internal  loads  generally  increasing  with  increasing 
spring  stiffness.  The  final  recommended  spring  stiffnesses  are  quite  high,  however,  and  in 
this  range  of  values  the  modal  and  response  data  are  reasonably  insensitive  to  earth 
stiffness  modifications. 

The  use  of  beam  elements  to  represent  the  deck  structure  is  an  accurate  idealization  for 
all  deformations  except  torsion.  In  the  case  of  deck  torsion,  because  of  the  torsion- 
bending behavior  of  the  girders,  a beam  representation  is  necessarily  approximate.  The 
nature  of  ‘■he  torsi  on -bending  action  is  such  that  the  effective  torsional  stiffness  of  the 
deck  depends  on  the  torsional  mode  shape,  or  wave  length,  to  which  the  deck  is  sub- 
jected. This  situation  makes  it  possible  to  determine  the  deck  torsional  stiffness  with 
acceptable  accuracy  by  calculating  the  stiffness  to  correspond  to  the  deck  torsional  vi- 
bration mode  of  greatest  interest.  The  deck  torsional  modes  are  important  principally 
because  of  their  possible  involvement  in  unstable  aerodynamic  motions  (flutter).  There- 
fore, the  deck  torsional  stiffness  was  chosen  specifically  to  obtain  accurate  modal  data 
for  the  lowest  (most  flutter-critical)  deck  torsional  mode.  The  half  wave  length  (one 
lobe)  of  this  mode  (see  Figure  1)  is  about  200  feet.  Using  this  length,  and  postulating 
reasonable  girder  bending  deformations  in  participation  with  deck  torsional  deflections, 
the  girder  torsion -bending  contributions  to  the  deck  effective  torsional  stiffness  were 
determined.  These  contributions  are  summed  with  the  true  torsional  stiffness  contribu- 
tion, i.e,,  those  of  the  slab  and  the  closed  box  stiffness  of  the  fascia  girders,  to  ob- 
tain the  total  approximate  deck  torsional  stiffness. 

This  procedure  necessarily  leaves  higher  deck  torsional  modes  with  less  accurate  (too 
low)  torsional  stiffnesses,  and  in  general  leaves  overall  bridge  modes  somewhat  in 
error.  These  errors  are  negligible  since,  in  the  former  case,  only  the  lowest  deck 
torsion  mode  was  found  to  be  a possible  flutter  candidate,  and  in  the  latter  case  the 
overall  bridge  modes  are  dominated  by  tower  and  deck  bending  and  gross  deck  transla- 
tional influences.  It  should  be  noted  again  that  the  torsion  approximations  were  neces- 
sitated by  the  need  for  a simple,  rapidly  computed  model.  To  completely  resolve  the 
deck  torsion  problem,  as  was  done  in  the  3D  model,  would  have  sacrificed  the  utility 
of  the  stick  model  in  the  rapid  turnaround  design  support  activity.  This  was  an  unsatis- 
factory alternative.  Moreover,  calculations  of  the  stick  and  3D  model  modes  confirmed 
the  accuracy  of  the  approach  used. 

Coding  Detoils 

The  SAIL  (Structural  Analyzer  Input  Language)  input  language  (Reference  2)  was  used  in 
conjunction  with  NASTRAN  bufic  data  in  setting  up  the  structural  idealization.  Details 
of  the  coding  are  described  briefly  below. 

(i)  tbis  adjustment  was  provided  by  the  firm  of  Shannon  and  Wilson. 

Hi8 


1. 


Geometry:  In  using  SAIL,  the  bridge  geometry  was  programmed  in  the  same  form 
as  it  was  provided  by  the  design  engineers.  The  grid  point  coordinates  were 
coded  in  terms  of  "nose  stations",  the  independent  coordinate  employed  to  mea- 
sure distances  along  the  deck  cen'  .line.  The  input  was  greatly  simplified  through 
the  use  of  NASTRAN's  multiple  coordinate  systems.  Cylindrical  coordinates  were 
used  for  the  portion  of  the  bridge  to  the  left  of  the  tower  in  Figures  5 and  6, 
which  is  a circular  arc  in  planview.  The  remaining  straight  segment  of  the  bridge 
was  input  in  the  rectangular  cartesian  coordinate  system.  In  the  vertical  plane, 
the  deck  describes  a parabolic  arc  of  the  form 


Z = 155.7 


(Nose  Sta  - 17070.)^ 
335507 


which  was  coded  directly  into  the  SAIL  input  deck.  An  important  advantage  of 
the  SAIL  input  lies  in  the  fact  that  variable  gridpoint  locations  and  variable  num- 
bers of  elements  are  handled  in  so  simple  fashion  that  generation  of  multiple  ideal- 
izations is  a minor  task. 


2.  Multiple  Point  Constraints:  MPC  equations  were  found  to  be  a convenient  and 

powerful  tool  in  representing  the  various  connectivities  encountered  in  the  bridge 

structure.  Structural  idealizations  using  MPC  equations  are  described  briefly 

below. 

(a)  The  cables  are  rigidly  attached  to  the  deck  at  offset  nodes. 

(b)  The  deck  is  attached  to  the  tower  structure  in  such  a manner  that  all  de- 
grees of  freedom  except  deck  vertical  bending  rotation  are  required  to  be 
compatible.  In  addition,  the  deck  elastic  axis  is  offset  (vertically  above) 
its  supporting  cross  member  in  the  tower  structure,  because  of  the  depths 
of  the  girders,  the  cross  member,  and  the  bearing  fitting  hardware. 

(c)  Similar  to  the  tower  attachment  described  above,  the  vertically  offset  deck 
attachment  to  the  piers  was  enforced  by  MPC  equations.  In  this  case  the 
connectivity  between  the  longitudinal  motions  of  the  deck  and  the  piers 
was  in  some  designs  pinned  and  in  some  designs  represented  by  a roller 
support. 

(d)  All  footings  ore  connected  to  the  upper  ends  of  the  piles  by  full  fixity  con- 
ditions enforced  by  MPC  equations. 

(e)  In  the  complex  (3D)  deck  idealization  discussed  later,  MPC  equations  pro- 
vided the  connectivity  between  the  girder  webs  and  the  deck  slab  represen- 
tation. 

The  repetitive  nature  of  MPC  equations  suggests  their  generation  by  a subroutine. 

This  is  discussed  briefly  under  item  3.,  below. 

3.  External  Data  Generators  (EDG): 

(a)  The  external  data  generator  is  a feature  within  SAIL  which  provides  a 
subroutine  type  of  input  generation  capability.  It  is  most  conveniently 
used  for  multiple  generations  of  large  groups  of  similar  elements  and/or 
grid  points.  In  the  present  problem,  this  situation  occurs  for  the  pile 
foundations.  The  pile  group,  including  the  footing,  is  a set  of  25  elements, 
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29  grid  points,  plus  multipoint  and  single  point  constraint  conditions.  All 
of  these  input  data  are  prepared  by  the  EDG,  in  the  manner  of  a subrou- 
tine, needing  only  onf.  set  of  coding  for  any  number  of  foundation  designs 
to  be  generated.  The  use  of  the  EDG  permits  simple  and  rapid  parameter 
studies  on  items  such  as  stiffnesses,  dimensions,  etc.,  of  the  pile  founda- 
tions. 

(b)  The  extensive  use  of  multiple  point  constraints  was  simplified  by  creating 
EDG's  specifically  for  the  generation  of  MPC  equations.  This  was  done 
for  both  cylindrical  and  rectangular  cartesian  coordinate  systems.  The 
parameter  set  for  the  EDG  consists  of  a list  of  the  two  or  more  nodes  to 
be  constrained.  The  EDG  recovers  the  coordinates  corresponding  to  these 
nodes  and  automatically  calculates  the  constraint  equations  for  a full  six 
degree  of  freedom  connectivity.  This  is  particularly  useful  when  cylindri- 
cal equations  are  employed  and  in  parametric  studies  where  grid  point 
changes  would  otherwise  require  numerous,  potentially  erroneous,  hand  cal- 
culations. The  EDG  for  the  pile  group  generation,  described  above,  calls 
the  EDG  for  MPC  equations  as  required  to  fix  the  piles  to  the  footings. 

Computotion  Detoils 


The  steel  bridge  idealization  shown  In  Figure  5 was  analyzed  in  23  different  configura- 
tions corresponding  to  various  design  changes  and  parameter  studies.  The  basic  model 
consisted  of  199  grid  points,  95  CBAR  elements,  and  80  CONROD  elements.  There 
were  166  MPC  equations  which  in  combination  with  boundary  conditions  and  matrix  re- 
ductions reduced  the  fc'genproblem  to  158th  order.  The  runs  averaged  6 minutes  CPU 
time  on  the  IBM  370  to  extract  the  eigenvalues  by  Givens'  Method  and  compute 
70  modes.  About  one-third  of  the  computer  time  was  spent  in  applying  the  MPC  equa- 
tions. The  basic  concrete  bridge  idealization  shown  in  Figure  6 was  analyzed  in  5 dif- 
ferent configurations.  The  model  consisted  of  167  grid  points,  84  CBAR  elements,  and 
64  CONROD  elements.  There  w#'re  149  MPC  equations  which  in  combination  with 
boundary  conditions  and  matrix  reductions  reduced  the  eigenproblem  to  14,3rd  order. 

The  runs  averaged  5 minutes  48  seconds  CPU  time  on  the  IBM  370  to  extract  the  eigen- 
values and  compute  70  modes. 
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THREE-D  MODEL 


Purpose 

Alfhough  the  stick  model  was  conceived  to  be  acceptably  accurate  for  both  the  seismic 
and  flutter  studies,  a refined  idealization,  the  3D  model,  was  set  up  for  the  concrete 
alternate  to  verify  the  stick  model  accuracy.  The  model  was  called  3D  in  reference  to 
the  idealization  of  the  bridge  deck  by  a slab  element  (represented  as  a beam)  and  indi- 
vidual girder  web  and  flange  elements.  The  beam  type  idealization  of  the  tower,  piers, 
footings,  and  piles  is  unchanged  from  the  stick  model.  A computer  plot  of  the  structure 
is  shown  on  Figure  3. 

As  discussed  earlier,  the  weakness  of  the  stick  model  lies  in  its  simulation  of  deck  tor- 
sional stiffness  as  that  of  a single  member,  while  in  reality  the  built-up  deck  resists 
torsion  largely  through  girder  bending.  Therefore-,  the  3D  model  has  as  its  purpose  the 
:accurate  representation  of  girder  bending  participotion  in  the  overall  deck  deformations. 

I Description  of  the  Deck  Model 

Figure  8 shows  schematically  three  types  of  behavior  of  a slab-girder  deck.  The  first 
two  apply  to  a bridge  curved  in  planform,  and  the  last  applies  for  either  straight  or 
curved  decks.  All  indicate  that  deck  bending,  either  vertical  or  horizontal,  will  couple 
with  torsion.  The  three  cases  are  explained  in  the  text  of  the  figure.  Basically,  the 
coupling  results  from  two  facts:  (1)  in  curved  decks,  torsion  results  in  lower  flange  mo- 
tion toward  or  away  from  the  center  of  curvature,  with  a consequent  tendency  toward 
hoop  stresses;  (2)  in  horizontal  bending  of  slab-girder  configurations,  the  elastic  shear 
forces  are  aligned  with  the  shear  center  of  the  section  (above  the  deck)  while  the  inertia 
forces  are  aligned  with  the  mass  center.  The  tendency  toward  coupling  of  bending  and 
torsion  which  is  described  by  the  figure  will  affect  vibration  modes  by  tending  to  make 
the  mode  shapes  three-dimensional  in  character  and  difficult  to  identify  as  pure  bending 
or  torsional  motions. 


In  order  to  represent  these  coupling  tendencies  in  the  finite  element  mode,  it  is  neces- 
sary to  meet  several  requirements: 

1.  Individual  girder  flanges  must  be  represented  in  at  least  axial  and  horizon- 
tal bending  properties. 

2.  Diaphragms,  cross-bracing,  and  girder  web  lateral  bending  stiffness,  all  of 
which  control  lateral  motion  and  therefore  hoop  forces  in  the  flanges,  must 
be  modeled. 

3.  Flanges  must  be  properly  “driven"  by  the  webs;  therefore  webs  must  be  at- 
tached to  the  slab  in  such  a way  that  continuity  of  displacement  and  rota- 
tion components  is  provided. 

4.  Structural  masses  should  be  properly  located. 

All  of  these  requirements  were  met  except  the  fourth,  in  the  -'location  of  the  masses, 
to  simplify  the  computational  problem,  the  deck  moss  properties  were  concentrated  at 
the  centerline  of  the  slab.  For  the  designs  studied,  however,  the  resulting  error  in  mass 
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placement  was  very  small. 

Figure  9 shows  the  elements  used  in  the  3D  model.  The  deck  slab  is  represented  as  a 
beam  having  axial,  vertical  and  horizontal  bending  and  shear,  and  torsional  stiffnesses. 
The  centerline  of  the  slab  is  assigned  the  deformational  freedoms  of  the  deck  structure, 
which  are  the  six  linear  and  rotational  displacements.  All  deck  motions  are  constrain 
to  these  six  freeooms.  The  fascia  box  girders  have  a closed  cell  torsional  stiffness. 

This  stiffness  was  added  to  the  torsional  stiffness  of  the  deck  slab.  Flanges  are  repre- 
sented by  beam  elements  which  have  axial  and  horizontal  bending  and  shear  stiffnesses. 
The  handling  of  the  webs  presented  difficult  problems.  It  is  known,  and  was  further 
verified  by  calculations,  that  the  NASTRAN  plate  elements  with  bending,  shear  and 
direct  stress  stiffnesses  are  of  poor  accuracy  when  used  as  web  elements  of  girders, 
particularly  for  unsymmetrical  cross  sections.  The  erroneous  behavior  arises  from  the  mei 
brane  stiffness  of  the  plate.  In  order  to  avoid  this  difficulty,  the  girder  webs  were  re- 
presented by  combining  shear-only  plates  with  bending  plates  whose  only  stiffness  is 
lateral  bending.  Because  the  latter  plates  cannot  maintain  the  spacing  between  the 
flanges  and  the  deck,  posts  are  used  at  the  ends  of  the  elements.  The  axial -force 
stiffnesses  (areas)  of  the  girder  webs  are  assigned  to  the  deck  slab  and  to  the  lower 
girder  flanges  such  that:  (1)  the  elastic  axis  of  the  composite  deck  in  vertical  bending 
is  preserved;  (2)  the  bending  moment  of  inertia  of  the  web  of  each  girder  about  the 
composite  deck  elastic  axis  is  preserved.  These  conditions  provide  accuracy  In  girder  am 
deck  bending  and  torsional  behavior.  Axial  stretching  stiffness  of  the  total  deck  struc- 
ture, an  unimportant  factor  in  the  modal  analysis,  is  approximated  by  these  conditions. 

Coding  Details 

As  with  the  stick  model,  the  3D  model  made  use  of  both  external  data  generators  and 
multiple  point  constraints.  The  geometry  was  complicated  by  the  banking  of  the  bridge 
deck  (superelevation).  Again  due  to  the  repetitive  nature  of  the  input,  SAIL  was  uni- 
quely suited  for  data  preparation.  The  principal  coding  problem  is  the  generation  of  gr 
point  and  constraint  data  for  the  nine  girders. 

The  deck  centerline  geometry  and  the  variable  superelevation  were  computed  within  the 
SAIL  coding,  using  the  equations  and  data  provided  by  the  designers.  Using  the  com- 
puted centerline  and  superelevation  geometrical  data  in  the  input  parameter  set,  along 
with  component  structural  data,  the  deck  structure  EDG  was  called.  The  EDG  set  up 
the  upper  girder  web  (and  flange)  grid  points,  the  lower  girder  web  (and  flange)  grid 
points,  the  girder  flange  and  web  elements,  the  MPC  equations  which  serve  to  couple 
the  girder  elements  to  the  six  freedoms  of  the  deck  centerline,  and  in  addition  defined 
the  freedoms  to  be  reduced  in  the  eigensolution.  The  MPC  equations  rigidly  connect 
the  upper  girder  web  grid  point  freedoms  to  the  six  freedoms  of  the  grid  points  on  the  ' 
deck  slab  centerline.  The  EDG  is  called  once  for  each  nose  station  at  which  a deck 
grid  point  is  located,  thus  significantly  reducing  the  magnitude  of  the  coding  task. 

This  idealization  in  effect  imposes  deck  cross-sectional  bracing  (diaphragms)  at  each  dec 
grid  point.  This  Is  a correct  requirement  since  the  designed  diaphragms  are  located  at 
approximately  the  same  nose  station  spacing  as  ore  the  deck  grid  points. 
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Computotionol  Detoils 

The  3D  concrete  bridge  model  shown  in  Figure  3 was  subjected  to  modal  analysis.  The 
finite  element  idealization  consisted  of  623  grid  points,  242  CBAR  elements,  280  CON- 
ROD  element^  207  CQUADl  plates,  and  207  CSHEAR  webs.  There  were  1945  MPC 
equations  which  in  combination  vi  th  boundary  conditions  and  matrix  reductions  reduced 
the  eigenproblem  to  149th  order.  A CPU  run-time  of  19  minutes  and  20  seconds  on 
the  IBM  370  computer  was  required  to  extract  the  eigenvalues  by  Givens'  Method  and 
to  compute  20  modes. 


SEISMIC  AND  FLUTTER  ANALYSES 

The  seismic  analysis  was  performed  by  the  response  spectrum  method.  The  full  details  of 
this  method  are  outside  the  scope  of  this  paper.  Portions  of  the  overall  methodology  are 
described  in  Reference  3.  The  earthquake  input  data  used  are  in  the  fom  of  response 
spectra,  and  are  specifically  derived  for  the  West  Seattle  site  conditions  . 

The  bridge  response  was  determite  d in  terms  of  its  normal  vibration  modes.  The  response 
spectrum  method  provides  maximum  individual  modal  responses  to  the  earthquoke  excita- 
tion. Modal  summation  Is  required  over  very  few  modes,  for  most  earthquake  analyses, 
and  is  done  either  as  an  absolute  value  sum  or  a root -square -sum,  based  on  judgement 
and  recommendations  from  past  experience  (Ref.  3) 

The  response  spectrum  method  uses  for  input  the  modal  analysis  data,  consisting  of  vibra- 
tion mode  period,  generalized  mass,  and  mode  shape.  In  particular,  modal  response  de- 
pends on  the  degree  of  coupling  between  the  mode  and  the  uniform  vector  field  which 
describes  the  motions  of  the  earthquake.  This  aspect  of  the  seismic  analysis  requires  the 
accessing  and  processing  of  very  large  amounts  of  structural  and  modal  data.  A new 
computer  program,  used  as  a NASTRAN  post  processor,  was  written  to  perform  the  work. 
This  program  obtains  all  needed  data  from  the  NASTRAN  checkpoint/restart  tape.  The 
set  of  data  reod  from  the  tape  consists  of  files  EQEX  '1,  GPDT,  MGG,  LAMA,  PHIG, 
and  OEFl . The  complete  modal  and  seismic  analysis  “xin  be  done  in  a single  computer 
run,  or  the  NASTRAN  and  seismic  runs  can  be  done  separately.  The  seismic  post  pro- 
cessing program  was  found  to  be  very  convenient  arxl  provided  a rapid  analysis  tool. 
Overnight  turnaround  on  combined  modal  and  seismic  onolyses  was  routinely  obtained. 

Flutter  analysis  was  done  for  two  types  of  flutter  mechanisms:  (1)  single  degree  of  free- 
dom stall  flutter;  and  (2)  classical  bending -torsi on  flutter.  The  calculations  were  done 
by  existing  Boeing  flutter  analysis  programs,  based  on  theoretical  methods  which  are  be- 
yond the  present  scope.  Aerodynamic  data  were  obtained  from  wind  tunnel  tests  on 
rroJels  of  the  various  bridge  deck  sections,  and  modal  data  were  obtained  from  the  NAS- 
TRAN analyses.  A subroutine  within  the  seismic  program  was  used  to  read  the  normal 
modes  from  the  NASTRAN  checkpoint/restart  tape  and  to  punch  out  on  cards  the  required 
rotation  and  vertical  translation  displacements  of  the  deck. 

T Data  provided  by  the  firm  of  Shannon  and  Wilson 
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TYPICAL  NUMERICAL  RESULTS 


Seismic  Analysis 

Each  modal  analysis  computer  run  provided  complete  modal  data,  including  element  in' 
ternal  loads,  and  also  SC4020  plots  of  the  mode  shapes.  Figures  10  and  11  are  com- 
puter plots  of  the  modes  which  were  predicted  to  be  the  most  important  seismic  motions 
of  the  V/est  Seattle  bridge.  The  plots  shown  are  for  the  concrete  alternate,  but  all 
configurations  show  essentially  the  same  principal  types  of  motions.  The  first  is  a lat- 
eral swaying  and  the  second  a combined  longitudinal  - vertical  motion  which  is  strongly 
influenced  by  the  cables.  The  latter  is  the  bridge  fundamental  mode.  These  modes 
are  important  'leismically  for  two  reasons:  (1)  their  modal  frequencies  lie  in  a range  of 
strong  seismic  input;  (2)  their  mode  shapes  involve  essentially  unidirectiono!  motions  of 
the  major  bridge  mqsses,  thus  detaining  strong  coupling  with  the  uniform  seismic  exci- 
tation. 

Figures  12  and  13  show  tower  moments  and  shears  which  were  computed  for  the  initial 
steel  and  concrete  designs.  The  moments  and  shears  shown  are  those  resisting  a lateral 
swaying  motion,  and  are  caused  primarily  by  modes  of  the  type  of  Figure  11.  The 
stresses  for  the  concrete  alternate  are  larger  than  those  for  the  steel  due  mainly  to  the 
greater  deck  mass  of  the  concrete  design  and  the  close  proximity  of  the  concrete  modal 
period  to  a period  of  strong  seismic  excitation.  These  results  proved  excessively  severe 
for  strength  design  purposes. 

As  described  earlier,  the  dynamic  analysis  was  continued  in  support  of  trade  studies  for 
the  development  of  a design  configuration  which  is  satisfactory  for  earthquake  conditions 
Figure  14  shows  the  results  obtained  for  a set  of  seven  designs  which  differ  from  one 
another  primarily  in  tower  configuration.  All  designs  utilize  a steel  deck  structurp. 

From  these  results  tower  alternate  A was  chosen  as  the  recommended  configuration  . 

The  figure  lists  the  modes  and  modal  periods  which  are  critical  for  both  longitudinal 
and  transverse  earthquake  excitations,  and  gives  the  resulting  maximum  tower  bending 
moments.  The  curve  shown  in  the  lower  right  corner  of  the  figure  is  the  earthquake 
response  spectrum  used  in  the  calculations. 

As  discussed  earlier-  a matter  of  concern  was  the  effect  of  the  approximation  of  the 
deck  torsional  stiffness  on  the  accuracy  of  the  stick  model  modes,  it  was  for  this  rea- 
son that  the  3D  model  was  used  to  compute  a more  accurate  set  of  modal  data.  Figures 
15  and  16  show  3D  model  modes  corresponding  to  the  stick  model  modes  of  Figures  10 
and  11.  The  agreement  in  mode  shape  is  excellent.  Figure  17  shows  the  lowest  3D 
model  mode  in  which  deck  torsion  is  important.  This  mode  shape  justifies  the  manner 
of  computation  (the  choice  of  wave  length)  of  the  stick  model  deck  torsional  stiffness 
which  was  described  earlier.  Figure  18  shows  a comparison  of  stick  model  and  3D 
mcdel  modal  data  for  the  first  ten  modes  for  the  concrete  alternate.  The  frequencies 
are  tabulated  together  with  a brief  description  of  the  modal  motions.  Note  that  in 
several  coses  corresponding  modes  hove  changed  order  slightly,  due  to  small  changes  in 
closely  spaced  frequencies.  A careful  study  of  all  modal  data  has  shown  that  in  the 

) the  defining  of  these  configurations  and  the  choice  of  tower  alternate  A were 
done  by  the  firm  of  Knoerle,  Bender,  Stone,  and  Associates,  Inc. 
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ef  of  fhe  firsf  fen  modes  only  fhe  ninfh  sfick  model  mode  fails  fo  agree  closely  with  a 
;orresponding  3D  model  mode.  All  other  modes  show  good  agreement  in  both  mode 
hope  and  frequency. 

"•'lutter  Analysis 

'he  flutter  wind  speeds  weie  determined  for  the  initial  concrete  and  steel  designs  and 
or  the  current  configuration  which  has  been  optimized  for  dynamic  response  conditions, 
■or  the  Initial  concrete  and  steel  designs,  respectively,  single  degree  of  freedom  stall 
lutter  was  predicted  at  steady  horizontal  windspeeds  of  77  miles/hour  in  the  lowest 
orsion  mode  and  46  miles  per  hour  In  the  fundamental  vertical  bending  mode.  For  the 
>ptimized  design  a torsion  stall  flutter  speed  of  244  miles  per  hour  was  predicted,  with 
he  improvement  primarily  a result  of  improved  aerodynamic  shape  of  the  deck  section 
ind  increased  torsional  stiffness  of  the  closed  box  girder  design. 

-ONCLUSION 

'he  results  of  the  dynamic  analyses  showed  that  the  initial  bridge  designs  were  deficient 
n their  ability  to  withstand  a major  earthquake  or  a sustained  high  wind  condition, 
‘hrough  the  early  dynamic  analysis  parameter  studies,  however,  the  directions  required 
'or  fruitful  design  modification  were  defined.  A continuing  program  is  in  progress  to 
mplement  these  modifications  into  the  design.  This  woik  has  resulted  in  a bridge  con- 
Tguration  which  is  satisfactory  in  resistance  to  both  seismic  and  wind-induced  motions, 
urrently,  further  design  trade  studies  in  conjunction  with  dynamic  analysis  are  under- 
ay to  optimize  the  design  of  the  lower  portion  of  the  tower  and  the  bridge  foundation 
or  improved  earthquake  resistance. 

trhis  use  of  the  NASTRAN  system  in  the  field  of  civil  engineering  structures  has  demon- 
strated a potential  for  such  applications.  The  benefits  of  such  sophisticated  analysis 
pppear  particularly  great  in  consideration  of  the  complex  structural  configurations  and 
levere  design  conditions  which  are  becoming  increasingly  common  in  the  field  of  civil 
|sngineering  structural  design. 
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Flaure  la:  ELEVATION  VIEW 


DECK  SUPPORT  BEAM 


Figure  lb:  TOWER  CONFIGURATION-  ELEVATION  VIEW 


Ffdure  2:  SIMPLE  MODEL-CONCRETE  ALTERNATE 


three  . 0 MODEL  - CONCRETE  ALTERNATE 
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Fiaure  4a:  DECK  CROSS-SECTION 


WALL  CONSTRUCTION 
BELOW  DECK  LEVEL 


Fiaure  4b:  TOWER  CONFIGURATION 


Figure  4:  STRUCTURAL  CONFIGURATIONS  TO  RESIST  EARTHQUAKE 
AND  HIGH  WIND  CONDITIONS 
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Figure  6 : CONCRETE  FINITE  ELEMENT  (STICK)  MODEL 
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Figur*  7 : FINITE  ELEMENT  PILE  ARRANGEMENT 
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Figure  8 : BENDING-TORSION  CCXJPLING  OF  SLAB  - GIRDER  DECK 
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Deck  = Reference  Point 

for  Displacements 
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NOTES; 


o Girder  Web  Axial  Area  Assigned  to  Deck  and  Flange, 
o Box  Torsional  Stiffneu  of  Fascia  Girder  Assigned  to  Deck. 


0 Deck  - Flange  Spacing  Maintained  by  Posts  at  Ends  of  Elements. 


Figure  9 t ElfMENTS  USED  IN  3D  MODEL 


Fiqure  14:  RESULTS  OF  EARTHQUAKE  ANALYSIS  TRADE  STUDIES 


Fiqure  17:  LONGITUDINAL,  VERTICAL  AND  TORSION  MOTIONS 
- CONCRETE  ALTERNATE 


CONCRETE  ALTERNATE  - CONCRETE  ALTERNATE  - 

STICK  MODEL  3D  MODEL 
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1.19 

X.  T 
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Z - VERTICAL 
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Figure  18:  COMPARISON  OF  30  AND  STICK  MODEL  MODAL  DATA 
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MSTRAN  ANALYSIS  OF  THE 
l/8-SCALE  SPACE  SHUTTLE  DYNAMIC  MODEL 

By  Murray  Bernstein,  Philip  W.  Mason,  Joseph  Zalesak, 
David  J.  Gregory,  and  Alvin  Levy 

Grumman  Aerospace  Corporation 


INTRODUCTION 


The  Space  Shuttle  configuration  has  more  complex  structural  dynamic  char- 
acteristics than  previous  launch  vehicles  primarily  because  of  the  high  modal 
density  at  low  frequencies  and  the  high  degree  of  coupling  between  the  lateral 
and  longitudinal  motions.  An  accvirate  analytical  representation  of  these  char- 
acteristics is  a primary  means  for  treating  structural  dynamics  problems  diuring 
the  design  phase  of  the  Shuttle  program.  The  l/8-scale  model  program  was 
developed  to  explore  the  adequacy  of  available  analytical  modeling  technology 
and  to  provide  the  means  for  investigating  problems  which  are  more  readily 
treated  experimentally.  The  basic  objectives  of  the  l/8-scale  model  program 
are 

(1)  To  provide  early  verification  of  analytical  modeling  procedures  on 
a Shuttle-like  structure 

(2)  To  demonstrate  important  vehicle  dynamic  characteristics  of  a 
typical  Shuttle  design 

(5)  To  disclose  any  previously  unanticipated  struct\iral  dynamic 
characteristics 

(L)  To  provide  for  development  and  demonstration  of  cost  effective 
prototype  testing  procedures 

This  paper  constitutes  a progress  report  on  the  program  to  date. 

The  work  described  herein  has  been  conducted  primarily  under  contract  for 
the  NASA  Langley  Research  Center. 


DESCRIPTION  OF  STRUCTURAL  MODEL 


The  model  is  designed  to  represent  the  important  structured  dynamics  char- 
acteristics of  a Shuttle-like  vehicle  while  keeping  the  fabrication  costs  low. 
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The  general  airangement  of  the  model  is  shown  in  figure  1.  The  original  basis 
for  the  design  was  a 21.55  MN  (4.8  x 106  lb)  GLOW,  55*^7^  m (l82  ft)  long 
parallel  burn  configuration  (Grumman  Design  619).  Subsequently,  under  Rockwell 
International  sponsorship,  the  forward  solid  rocket  booster  to  external  tank 
attachment  design  was  modified  to  a single  point  connection  representing  the 
RIC  prototype  as  of  December  1974. 

Figure  1 illustrates  a mock-up  of  the  l/8-scale  model  which  is  approxi- 
mately 7*515  ® (24  ft.)  from  the  external  tank  nose  cone  to  the  solid  rocket 
booster  tie-down  plane.  The  total  model  is  composed  of  4 major  components: 
the  Orbiter,  external  tank,  and  two  solid  rocket  boosters.  The  Orbiter  is 
shown  in  figure  2,  without  the  cargo  bay  doors,  and  in  figure  3 with  the  cargo 
bay  doors  and  nonstructural  plastic  fairings  that  complete  the  contours  of  the 
vehicle. 

Figure  4 shows  the  Orbiter  fuselage  under  assembly  and  figure  5 is  a 
NASTRAN  plot  of  the  finite-element  model.  The  fuselage  structural  model  is 
approximately  3*5^3  m (11.625  ft)  long,  contains  21  frame  stations,  and  is 
constructed  of  2024  aluminum.  The  bottom  shell  of  the  fuselage  is  0.635  nni 
(0.025  in.)  thick  while  the  side  walls  and  top  shell  are  O.508  mm  (0.020  in.) 
thick.  The  cargo  bay  doors  axe  made  up  of  segments  of  0.4o64  mm  (0.016  in.) 
aluminum  sheet  that  axe  attached  to  the  frames.  The  details  of  the  attach- 
ment to  the  frames  prevent  the  doors  from  resisting  fuselage  bending  but 
allow  them  to  act  in  resisting  shear. 

The  fuselage  frames  in  the  region  of  the  cargo  bay  are  constructed  of 
aliuninum  sheet  that  has  been  bent  to  form  a channel  section.  The  tapered 
side  wall  channel  section  and  the  lower  portion  are  attached  back  to  back  to 
form  a U-shaped  frame.  The  major  bulkheads  axe  of  stiffened  sheet 
construction. 

The  delta  wing  shown  in  figure  6 consists  of  6 spars  and  4 ribs  that  axe 
formed  from  O.8128  mm  (0.032  in.)  2024  aluminum  sheet.  The  covers  axe 
0.5080  mm  (0.020  in.)  thick.  NASTRAN  plots  of  the  finite-element  model  are 
shown  in  figures  7 and  8. 

The  fin  structure,  which  includes  only  the  structure  from  the  fuselage 
to  the  center  of  gravity  of  the  physical  fin  model,  contains  3 spars  and  a 
closure  rib.  The  webs  eire  O.8128  mm  (0.032  in.)  thick  while  the  covers  are 
0.5080  mm  (0.020  in.)  thick.  NASTRAN  plots  of  the  finite -element  model  axe 
shown  in  figures  9 and  10. 

A NASTRAN  plot  of  the  cargo  bay  doors  is  shown  in  figure  11  and  a 
schematic  illustrating  the  connection  of  the  door  shell  to  the  door  fraunes 
is  shown  in  figure  ?2. 
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The  external  tank  contains  four  main  components,  the  LOX  tank,  inter 
tank  skirt,  LH2  tank,  and  the  aft  tank  skirt.  A NASTRAJi  plot  of  the  entire 
structure  is  shown  in  figure  13 . Tie  total  structure  is  approximately 
6.858  m (270  in.)  long  and  has  a radius  of  O.5O29  ra  (.'.9.8  in.).  The  ortiter 
interstage  points  are  located  totally  vdthin  the  LH2  part  wf  the  external 
sank;  the  forward  interstage  at  station  148.756  transmits  vertical  and  side 
loads  while  the  aft  center-line  interstage  at  station  245.7556  transmits 
thrust  and  side  load.  Inclined  bars  also  at  station  245.7536  connect  with 
the  orbiter  at  B.L.  13-75  and  with  the  tank  at  B.L.  16.4631  to  provide  the 
necessary  determinate  supports.  The  solid  rocket  booster  is  connected  to 
the  tank  at  the  forward  end  at  the  inter  tank  skirt.  This  pin  connection 
transfers  ’.-ertical,  side,  and  all  drag  loads.  The  aft  tank/SR3  interstage 
is  located  at  tank  station  270. 988  and  consists  of  5 bars  capable  of  trans- 
mitting vertical  and  side  load  as  well  as  roll  moment. 

The  liquid  ox^'-gen  tank,  figure  14,  is  a shell  of  revolution  composed  of 
d conical  shell,  a cylindrical  shell,  and  tvo  quasi  elliptical  end  domes 
which  are  each  fo'-mied  from  two  tangential  spherical  segments.  The  overall 
length  is  I.98  m (78  in.).  The  tank  is  2219  aluminum  and  all  shell  segments 
are  welded  at  the  joints.  The  primary  gage  is  O.5O8  mm  (0.020  in.)  with  the 
lower  dome  being  0.4o6  ram  (O.OI6  in.),  and  the  total  tank  structure  is  con- 
nected to  the  inter  tank  skirt  via  a Y-ring  located  at  the  aft  end  of  the 
cylindrical  portion  of  the  tank. 

Figure  I5  shows  the  liquid  oxygen  tank  connected  to  the  inter  tank 
skirt  and  to  the  forward  tank/SRB  interstage.  Figures  I6,  I7,  and  18  show 
additional  details  of  the  external  tank  strxicture.  The  LOX  tank  is  of 
monolithic  construction  whereas  the  remainder  of  the  external  tank  is  of 
ring  stifianed  sheet  construction,  the  sheet  being  thickened  where  large 
drag  loads  exist.  The  LH2  tank  is  2024  alumiinum  and  the  overall  length  is 
4.?7  m (168  in.).  The  chem-milled  tank  skin  thickness  is  primarily 
G.4o6  mm  (O.OI6  in.)  and  typically  increases  to  0.655  wra  (O.O25  in.)  in 
load  carrying  areas  such  as  the  orbiter  interstage  connections. 

The  solid  rocket  booster  consists  of  a cylinder,  a forward  tank/SRB 
interstage,  shown  in  figure  I5,  and  an  SRB  aft  skirt  as  shown  in  figiire  19. 
The  cylinder  is  2024  aluminum  and  is  approximately  5.7558  m (147  in.)  long, 
5.080  ram  (0.2  in.)  thick,  and  has  a radius  of  0.2477  m (9.75  in.). 

A more  complete  description  of  the  model  design  is  presented  in 
Reference  1.  The  significant  structured,  dynamic  characteristics  to  be 
represented  in  a model  for  various  problem  areas  which  are  the  basis  for 
a model  design  are  described  in  Reference  2. 
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ANALYTICAL  MODELING  PROCEDURE 


Basic  Philosophy 


The  entire  vehicle  has  been  analyzed  by  using  NASTRAN.  In 
setting  up  the  model  a.nd  analysis  procedures  the  following  guide 
lines  were  established: 

(1)  The  model  should  be  of  sufficient  refinement  to  adequately 
predict  overall  dynamic  behavior.  No  attempt  would  be 
made  to  try  to  predict  local  panel  motions. 

(2)  The  detail  of  modeling  should  be  of  sufficient  refinement 
to  allow  us  to  predict  internal  load  distributions  that 
would  be  adequate  for  a preliminary  design  of  the  structure. 
Although  we  had  no  intention  of  computing  internal  loads  we 
considered  the  analysis  to  be  representative  of  an  actual 
prototyjje  design  situation  and  we  were  interested  in  how 
NASTRAN  would  blend  into  a design  environment. 

(5)  The  total  structure  would  be  analyzed  by  employing  sub- 

structuring  techniques  to  see  how  well  this  aspect  of  NASTRAN 
would  blend  into  a design  environment.  NASTRAN  could,  in  prin- 
ciple, of  course  handle  the  entire  structure  as  a single  unit, 
but  we  did  not  feel  that  this  represented  a realistic  situation. 

(^)  Separate  analyses  of  the  LDX  and  SRB  were  performed  to 

investigate  the  hydroelastlc  and  viscoelastic  capabilities 
of  NASTRAN. 

(^)  The  NASTRAN  weight  analysis  capability  was  used  to  calculate 
the  individual  contponent  and  total  weights  for  the  nonfluid 
portions  of  the  model.  A supplementary  weight  check  was 
conducted  and  the  NASTRAN  results  ad.)usted  where  necessary. 
Structural  grid  points  were  used  as  dynamic  mass  points  using 
Guyan  reduction  as  required.  This  procedure  differs  from 
Grumaan’s  usual  practice,  which  is  to  establish  a weights 
model  independent  of  the  structural  model.  By  this  approach, 
unit  loads  on  the  weights  model  mass  points  are  then  beamed  to 
appropriate  structural  node  points.  The  dynamic  model  is  then 
the  sane  as  the  weights  model  or  is  a subset  of  it.  This 
procedure  inherently  results  in  a small  dynamic  model  and 
additional  reduction  schemes  are  not  necessary.  The  equivalent 
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reduction  takes  place  In  the  beaming  of  the  unit  loads  from 
the  veights  model  to  the  structural  model.  This  method  vas 
not  used  because  it  would  have  required  more  extensive  alters 
to  the  NASTRAN  rigid  formats,  it  would  not  use  NASTRAN  weight 
analysis  capability,  and  it  would  have  produced  basic  mode  data 
at  non  physical  points  which  might  hinder  test  correlation. 


Overall  Analysis  Flow 


A schematic  diagram  of  the  euialysis  flow  is  shown  in  figure  20.  As 
indicated  the  Orbiter  was  divided  into  five  substructures:  fuselage, 

cargo  doors,  fin,  wing,  and  payload.  Tne  external  tank  was  divided  into 
two  substructures;  the  LOX  tank  and  the  aft  portion  of  the  extei*nal 
tank  that  consisted  of  the  inter  tsuik  skirt,  LH2  tank  and  aft  tank 
skirt.  The  solid  rocket  booster  was  handled  as  a single  unit  consisting 
of  the  forward  skirt,  propellant  cylinder  and  propellant,  and  the  aft 
skirt. 

In  the  analysis  each  of  the  five  Orbiter  substructures  was 
analyzed  to  produce  reduced  stiffness  and  mass  matrices  for  selected 
dynamic  points  and  interface  attachment  points.  Modes  for  these 
coiqponente  were  then  obtained  with  the  interfaces  held,  the  exception 
to  this  being  the  fuselage  which  was  analyzed  in  a free-free  state. 

This  was  done  to  aid  in  checking  and  to  help  understand  the  behavior 
of  the  combined  vehicle.  The  five  substructure  stiffness  and  mass 
Latrlces  were  then  merged  to  form  total  Orbiter  mass  and  stiffness 
matrices.  These  matrices  were  again  reduced  by  "freeing  up"  the  sub- 
structure Interface  points  to  yield  final  stiffness  and  masu  matrices 
that  were  used  in  the  modal  analysis. 

As  mentioned  earlier,  separate  analyses  were  run  on  the  lOX  tank  and  the 
SRB  to  study  the  hydroelastic  capability  of  NASTRAN  and  to  investigate 
the  effect  of  the  viscoelastic  properties  of  the  propellant  on  the 
damping  characteristics  of  the  SRB.  In  the  overall  flow  the  SRB 
matrices  w re  first  reduced  and  then  merged  with  the  Orbiter  and 
external  tank  matrices  to  form  a total  Shuttle  system  of  equations. 

The  IDX  tank  vas  not  reduced  in  this  process. 

The  aft  portion  of  the  external  tank  was  reduced,  analyzed 
seperately,  and  merged  with  the  other  coiqponents  in  forming  the  total 
Shuttle  system  of  equations. 


Substructuring  irocedure 


The  basic  substructuring  procedure  for  conibining  elements  as 
presented  in  the  NASTRAN  User's  Manual  has  been  followed  with  som"; 
minor  changes  in  the  assuioptions  used,  and  with  more  e^^tensive  IMAP 
alters.  Those  alters  are  written  for  both  Rigid  Format  3 which  permits 
the  use  of  more  efficient  eigenvalue  analysis  procedures 
while  assetnbling  the  oihiter  model  and  also  for  Rigid  Format  7*  The 
latter  is  required  because  the  hydroelastic  model  of  the  L0;i  tank 
results  in  nonsymmetric  mass  and  stiffness  matrices  which  cannot  be 
treated  in  Rigid  Format  3«  The  viscoelastic  properties  of  the  propellant 
also  are  accurately  repi’esentsd  in  Rigid  Format  7. 

The  analytical  model  is  assembled  in  two  phases.  Tiie  flow  diagram 
for  the  analysis  is  shown  in  figure  21.  In  the  first  phase,  each  sub- 
structure is  analyzed  and  checked  separately.  The  output  from  this 
phase  is  assembled  onto  a copy  tape  for  the  symmetric  and  anti- 
symmetric cas-'s  and  then  coupled  in  Phase  2. 

The  following  changes  to  the  basic  substructuring  assumptions  have 
been  made  in  formulating  this  procedure: 

Any  external  supports  present  are  Included  in  the  Analysis 
Set  (a-set). 

Any  zero  stiffness  degrees  of  freedom  and  symmetric  or  anti- 
symmetric boundary  constraints  at  the  model  plane  of  symmetry, 
are  Included  in  the  Single  Point  Constraint  Set.  No  other 
degrees  of  freedom  are  included  in  this  set. 

Masset  which  are  associated  with  zero  stiffness  degrees  of 
freedom  will  be  lost  unless  these  degrees  of  freedom  are 
"beamed"  to  adjacent  points  using  Multipoint  Constraints. 

The  interface  degrees  of  freedom  may  be  sequenced  differently 
and  in  different  coordinate  systems  in  any  two  substructures 
to  be  coupled.  Multipoint  Constraints  are  used  to  relate  the 
appropriate  degrees  of  freedom  irrespective  of  local  coordinate 
systems  or  initial  sequencing. 

iathough  the  general  theory  presented  in  the  NASTRAN  User's  Manual  for 
8ubstruct\iring  is  correct,  it  does  not  provide  analysis  checks  at  various 
critical  points  in  the  procedure.  Structural  plots  provide  analysis 
checks  in  this  substructuring  procedure  but  ave  not  considered  sufficient 
for  verifying  more  than  structural  topology. 


The  following  checks  have  been  incorporated  in  the  analysis  by 
means  of  extensive  DMAP  alters: 

A rigid  body  check  is  made  in  Phase  1 afte_-  the  generation 
of  the  reduced  sti'^fness  and  mass  matrices.  Temporary 
rigid  body  suppo' cs  are  included  in  the  deck  as  SUPORT 
cards  for  this  purpose. 

The  structural  transformation  matrices  Gm,  Go  and  D are 
used  to  generate  equilibrium  matrices  for  the  various 
constraint  ^ets  ercept  single  point  constraints.  These 
equilibrium  matrices  represent  resultants  about  a chosen 
origin  due  to  unit  applied  loads  at  the  appropriate 
degrees  of  freedom. 

Provision  is-  made  to  compute  either  free-free  modes  or 
free  modes  with  the  substructure  held  at  th*'  interface. 

This  is  necessary  if  each  substructure  is  to  be  checked 
independently  in  Phase  1. 

A rigid  body  mass  matrix  relative  to  the  basic  origin  is 
computed  and  compared  with  the  general  mass  matrix 
calculated  by  the  Grid  Point  Weight  Generator.  This  check 
verifies  that  no  mass  has  been  lost  in  the  reduction  process. 

The  DMAP  statements  to  perform  these  functions  for  Rigid  Format  3 
are  presented  in  the  Appendix. 


Finite  Element  Model 


The  nunijer  of  grid  points  and  elements  used  in  the  five  O’"'  *,ter 
substructures  are  shown  in  table  1.  The  fuselage  shell  structure 
modeled  uning  CQDHBM2  elements,  a new  element  in  NASTBAN  but  one  that 
has  been  used  widely  at  G.umman.  It  is  essentially  a quadrilateral  tba.t 
is  composed  of  four  triangles  which  have  a coumon  central  node  defined 
by  the  intersection  of  lines  that  connect  the  midpoints  of  the  opposite 
sides  of  the  quadrilateral.  The  four  comer  nodes  need  not  lie  in  a 
plane.  The  fuselage  U frames  (see  figures  U and  3)  and  keel  were 
idealised  using  CROD  and  C8HEAR  elements.  Here  effective  cap  areas 
were  calculated  for  the  CROD  elements  to  represent  the  appropriate 
bending  behavior.  CBAR  elements  with  appropriate  offsets  were  used  to 
represent  thin  ring  type  fmoes  such  as  the  engine  compartment  closure 
frame  (see  figure  2). 
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The  webs  in  the  wing  ribs  and  spars  (see  figures  6,  7»  and  8) 
were  idealized  with  CSHEAR  elements.  Again  the  effective  rib  and 
spar  bending  material  was  incorporated  into  CROD  elements 
in  the  upper  and  lower  covers.  The  covers  themselves  were  represented 
by  CQDMEM2  elements  and  some  CTRMEM  elements  that  occur  at  the  leading 
edge.  Intermediate  node  lines  that  lie  between  the  spar  and  rib  node 
lines  were  established  to  further  refine  the  grid  used  in  the  covers. 

The  geometry  of  these  lines  is  essentially  set  by  the  location  of 
fuselage  frames. 

The  idealization  of  the  fin  follows  closely  the  same  scheme  used 
in  the  wing  (see  figures  9 and  10 ). 

The  shell  portion  of  the  cargo  bay  door  (figure  ll)  was  idealized 
using  CQIMEIM2  elements  with  the  exception  of  a few  CQ|UAI)2  elements 
that  were  required  for  local  stability  to  provide  an  attachment  point 
of  the  doors  to  the  fuselage.  Tne  door  frames  were  idealized  as 
CSHEAR  and  CROD  elements.  Note  that  these  frames  contain  two  webs 
(figure  12),  one  common  lower  cap,  auid  two  upper  caps  that  connected 
jjto  the  ^forward  and  aft  shell  segments.  This  allows  the  doors  to 
breath  in  longitudinal  direction. 

Although  provision  was  made  for  testing  four  payload  configurations, 
the  analysis  included  only  one  that  represented  the  full  up  payload  of 
289  kN  (63  000  lb).  The  stiffened  box  section  payload  was  represented 
by  a series  of  CBAR  elements.  The  payload  is  shown  mounted  in  the  fuse- 
lage in  figure  2, 

The  fluid  in  the  LOX  tank  was  represented  by  a network  of  four 
concentric  fluid  rings,  13  levels  deep.  The  shell  was  idealized  as 
CQUAD2  and  CTRIA2  plates  while  the  Y-ring  was  represented  by  CBAR 
elements.  The  shell  was  divided  into  22?®  segments  in  the  circumferential 
direction  and  IT  stations  in  the  meridional  direction. 

The  aft  portion  of  the  external  tank  (figure  13 ) was  modeled  using 
CQUAD2  elements  to  represent  the  shell.  Double  firames  exist  at  the 
for\ard  and  aft  portions  of  the  inter  tank  skirt  and  an  additional 
longitudinal  nods  line  is  picked  up  in  this  region  to  account  for  the 
SRB  drag  attachment  and  the  stiffening  that  exists  in  the  shell.  Five 
heavy  frames  exi<^t  in  the  eft  external  tank;  the  first  at  STA  99.98 
which  is  phe  forward  tank/SRB  interstage;  the  second  at  STA  148.756  which 
is  the  orbiter  forward  interstage;  the  third  and  fourth  at  stations 
229.156  and  245.7536  which  pick  up  the  orbiter  aft  interstage  fitting; 
and  the  fifth  at  station  270.988  which  is  the  aft  tank/SRB  interstage. 
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These  heavy  frames  have  internal  struts  to  provide  additional  stiffening 
to  the  interstage  attachment  points  (figure  l8).  The  remainder  of  the 
frames  are  light  and  are  included  to  prevent  shell  buckling.  In  the 
prototype  design,  the  real  shell  was  stiffened  in  the  longitudinal 
direction.  In  the  model  this  stiffening  plus  the  skin  thickness  was 
lumped  to  yield  an  effective  thickness  which  was  then  scaled  to  the 
dimensions  of  the  l/8-scale  model.  This  was  done  for  the  sake  of 
economy  in  constructing  the  l/8-scale  model. 

The  solid  rocket  booster  finite  element  idealization  consists  of 
CQUAD2  plate  elements  (containing  membrane  and  bending  properties)  to 
represent  the  skin,  straps,  and  plates;  three-dimensional  elements  to 
represent  the  propellant;  and  offset  bar  elements  to  represent  tiie  frames 
and  longerons.  A NASTRAN  generated  plot  of  tht  outer  shell  is  shown  in 
figure  22  along  with  the  frame  stations.  The  thickness  of  the  forward 
skirt  varies  from  1 to  6 mm  (0.040  to  0.250  in.),  the  propellant  cylinder 
thickness  is  5 mm  (0*l875  in.)  and  the  aft  skirt  thickness  is  2 mm 
(0.062  in.).  The  propellant  is  modeled  by  three  layers  (in  the  radial 
direction)  of  three-dimensional  elements  whose  properties  are 

= 172.57  MN/m2  (25  X 103  psi),  v = 0.49,  P = 171^^.15  kg/m5 
(0.062  lb/in3)  and  a structural  damping  factor  3 = O.52  where 
3 = G"/G'  = E"/E'  (E  = E'  + Ell,  G = G’  + G").  The  total  weight  of 
the  structure  and  propellant  is  11  kN  (2520  lb) . 


ANALYTICAL  RESULTS 


Orbiter  Component  Analysis 


The  analysis  of  the  separate  components  conducted  as  part  of 
Phase  1 is  used  to  establish  confidence  ii  the  finite  element  models 
at  that  level.  The  NASTEIAN  generated  weights  were  compared  with  those 
determined  independently  and  discrepancies  were  rectified.  The  vibration 
eigenvalues  and  eigenvectors  were  calculated  for  the  components  restrained 
at  their  suppoi-ts,  or  free,  whichever  seemed  most  applicable.  These  were 
examined  auid  any  departure  from  anticipated  results  was  Investigated. 

This  check  helped  uncover  problems  in  the  way  constraints  were  specified 
and  some  other  data  difficulties.  The  lowest  frequency  modes  obtained 
during  these  component  analyses  were  as  follows: 
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Fuselage : 


Free,  symmetric  

Free,  antisyinmetric 

. . . . 62.2  Hz 

. . . . 89.1  Hz 

129.9  Hz 

128.5  Hz 

Payload : 

Restrained,  symmetric  

Restrained,  antisymmetric  .... 

. . . . 81.2  Hz 

. . . . 68.6  Hz 

268.5  Hz 
175.4  Hz 

627.7  Hz 

462.8  Hz 

Cargo  doors: 

Free,  symmetric  

Restrained,  antisymmetric  .... 

. . . . 4.6  Hz 

. . . . 156.4  Hz 

10.7  Hz 
622.2  Hz 

17.6  Hz 
1054.6  Hz 

Wing: 

Restrained  

• • • ♦ T'T  * ^ Hz 

158.3  Hz 

259.9  Hz 

Fin: 

Restrained,  siTnmetric 

Restrained,  antisymme'cric  .... 

. . . . 264.2  Hz 
. . . . 107.8  Hz 

841.5  Hz 
407.2  Hz 

1265.5  Hz 

1018.7  Hz 

Total  Orbiter  Analysis 


After  the  individual  components  were  analyzed,  the  entire  orbiter 
vehicle  was  coupled  and  a vibration  analysis  was  performed  in  Rigid  Format 
3.  PLOTEL  elements  were  used  to  connect  the  grid  points  retained  for 
plotting  purposes.  In  order  to  examine  the  deformation  more  readily, 
both  a side  view  and  a bottom  view  were  plotted  for  each  mode.  Only  the 
latter  includes  the  payload.  The  deformed  shape  was  plotted  together 
with  the  X,  Y,  and  Z vectors  from  the  underformed  location.  The  first 
two  elastic  modes  are  shown  in  figures  2?  to  26.  The  first  mode  at 
53*0  Hz  exhibits  fuselage  vertical  bending,  fin  pitching,  and  wing 
motion.  Wing  motion  appeeurs  to  be  due  to  flexibility  in  the  root 
restraint  and  the  deformed  shape  is  almost  a straight  line.  The 
maxlmiun  motion  point  is  at  the  fin  tip  and  results  from  pitching  of 
the  back  part  of  the  model.  The  second  elastic  mode  at  62.6  Hz  is 
principally  wing  bending  with  some  payload  and  fuselage  vertical  bending. 

Initial  conparisons  with  teat  data  indicate  that  there  is  more 
flexibility  in  the  fin  and  wing  attachment  in  the  physical  model  than 
was  allowed  for  in  the  analyses.  The  orbiter  finite  element  model  is 
readily  adapted  to  exploring  these  effects  and  several  runs  were  made 
varying  the  fin  attachment.  Results  showed  that  the  aft  frame  in  the 
orbiter  offers  little  stiffness  to  the  aft  fin  spar  in  the  vertical 
direction,  but  the  forward  frames  are  very  significant.  The  first 
symmetric  mode  calculated  with  the  forward  frame  vertica.  forces 
eliminated  from  the  NASTRAH  model  is  shown  in  figures  27  and  26.  The 
frequency  dropped  from  53.0  to  48.0  and  the  relative  deformtion  of  the 
fin  is  easily  noted. 
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LO^  Tank  Analysis 


The  full  ID2  tank  model,  with  no  omits,  was  analyzed  for  the 
zeroth  and  first  harmonics  only  for  the  frequency  range  from  8 riz  to 
155  Hz.  This  frequency  range  was  selected  to  avoid  calculating  the 
slosh  modes  which  were  not  considered  significant  in  our  analysis. 

The  modes  obtained  can  be  most  readily  characterized  by  the  variation 
in  pressure. 


SUMMARY  OF  HYDROELnSTIC  MODES 


fl /8-scale  LO9  tank! 


Frequency,  Hz 

Characteristic  pressure  pattern 

Zeroth  pressure  harmonic  (circamferential  pressure  = cos  00) 

22.9 

No  nodal  surfaces 

75.2 

1 node  at  about  midtank 

91.5 

2 nodes 

115.2 

3 nodes 

First  pressure  harmonic  ( circumferential  pressure  = cos  10)  I 

19.2 

No  nodal  surfaces 

60.5 

1 node 

110 

2 nodes 

154.5 

3 nodes 

The  corresponding  grid  point  deformation  for  the  original 
structural  idealization  indicated  irregularities  associated  with  the 
fin5.te  element  model  of  the  lower  dome.  Since  the  pressure  gradations 
in  the  lower  hydroelastic  modes  were  relatively  uniform,  it  appears 
suitable  to  investigate  the  effects  of  dome  finite  element  size  and 
geometry  using  static  pressure  loading  to  save  computer  time.  The 
static  loading  produced  deformations  very  similar  to  those  In  the 
fundamental  hydroelastic  modes.  One  modification  attempted,  the  use 
of  memhrane  elements  in  place  of  plate  elements,  gave  no  appreciable 
improvement.  The  original  finite  element  grid  was  then  refined  by 
adding  moi’e  elements,  and  the  geometry  was  corrected.  The  resulting 
deformation  pattern  was  considered  acceptable.  Ttie  cuiient  version  of 
the  t€mk  dome  finite  element  represent- tion  is  shown  in  figure  29. 

Both  the  vindeformed  shape  and  the  pattern  under  a uniform  ores sure  of 
6.9  kN/n^  (1  psi)  are  shown. 
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External  Tank  Analysis 


In  assembling  the  external  tank  model,  the  LH£  tank  including  the  skirts 
at  both  ends  was  analyzed  as  an  empty  free  shell.  Vibration  modes  resulting 
from  these  computations  indicated  that  above  the  first  bending  mode  at 
159-2  Hz,  the  modes  of  the  central  portion  of  the  LHg  tank  in  the  areas  of  the 
light  frames  exhibited  radial  deformation  typical  of  shell  modes  in  cylinders. 

An  interesting  con^jarison  of  the  NASTRAN  calculated  weights  and  those 
determined  independently  by  a wei^ts  engineer  is  as  follows: 


Tank  weight  as  cale>alated  from  structural  drawings, 

including  fittings,  fasteners,  etc (^3-2  N (155* S lb) 

Finite-element  model  weight  (twice  the  half  tank 

weight)  589.4  N (132.5  lb) 

c.g.  position  aft  of  forward  dome  as  calculated  by 

weights  engineer  I.90I  m (75-1^  in.) 

c.g.  position  as  calculated  by  NASTRAN  for  the  finite 

element  model 1.912  m (75*29  in.) 


The  weight  of  the  LH2  is  distributed  as  nonstructural  mass  in  the  CQUAD2  and 
CTRIA2  elements. 

After  the  LH2  tank  model  is  checked,  it  is  reduced  and  coupled  with  the 
iXDg  model.  Analysis  for  this  coupled  structure  has  not  yet  been  completed. 


SRB  Analysis 


In  order  to  obtain  a guide  for  the  finite  element  idealization  of  an  en5)ty 
tank,  the  SRB  was  modeled  as  a cylinder  of  radius  0.25  m (10  in.)  and  length 
5.08  ai  (200  in.).  The  finite  element  idealization  consisted  of  21  bays  along 
the  length  and  12  bays  around  the  circumference.  The  following  table  repre- 
sents a comparison  of  results  betvreen  NASTRAN  using  the  Givens  method, 

Grunman's  STARS-2V  program,  and  NASA  Langley's  SRA  program  (refs.  3 and  4, 
respectively).  The  STARS-2V  and  S \ programs  are  based  on  thin-shell  ortho- 
tropic theory.  The  accxiracy  of  the  NASTRAN  results  are  relatively  good  for  the 
lover  modes  and  depend  upon  the  i-elative  complexity  of  the  eigenvectors. 
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EMPTY  CYLINDER  VimTION  ANALYSIS 


Frequency,  Hz 

— 

STARS -2V 

SRA 

NASTRAN  (householder 
method) 

*f)  Error 

52.0  (n=2,  1st) 

51.56  (n=2,  1st) 

55.2 

6 

52.4  (n-2,  2nd) 

51.66  (n=2,  fiind) 

54.9 

5 

66.6  (n=2,  3rd) 

66.04  (n=2,  3rd) 

73.9 

11 

119.3  (n=l,  1st) 

120.';^  (n=l,  1st) 

122.5 

3 

120. h (n=2,  Uth) 

— 

171.8 

42 

ikj.l  (n=3,  1st) 

— 

165.1 

12 

The  imdamped  vibrational  inodes  for  the  full  cylinders  are  tabulated  in  the 
tables  that  follow.  The  modes  of  most  interest  are  the  1st  and  2nd  bending 
modes  and  the  longitudinal  rod  and  thickness  shear  mode.  Figures  50(a)  and 
50(b)  show  cross  sectional  views  of  the  vibrational  motion,  and  figures  51(a), 
51(b),  and  51(c)  show  orthographic  views  of  the  motion  obtained  from  the 
NASTRO  analysis.  The  first  table  also  includes  the  results  for  simple  beam 
theory  for  the  modes  of  interest  (bending  and  longitudina? ) based  ou  the  com- 
posite properties  of  the  tank.  Using  a structural  damping  factor  of  O.52  for 
the  propellant  elements,  the  complex  eigenvalues  for  the  lowest  bending  and 
longitudinal  modes  were  obtained  (Rigid  Format  7)  and  compared  with  the 
undamped  modes  as  tabulated  in  the  second  table.  Simple  beam  theory  (no  shear) 
predicts  a value  of  1/q  = 0.028,  which  agrees  with  the  bending  mode.  The  dif- 
ference between  this  veilue  and  that  for  the  longitudinal  mode  is  due  to  the 
thickness  shear  effects.  (See  figure  50(b).)  It  was  found  that  the  damped 
vibrational  analysis  was  run  more  efficiently  by  analy.:ing  the  iindaraped  system 
first  in  order  to  narrow  the  search  range.  However,  computer  ruining  times 
were  still  quite  long. 
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VIBRATION  ANALYSIS  OF  FULL  PROPELLANT  CYLINDER 


Mode 

Frequency,  Hz 

NASTRAN 

Simple  beam  theory 

n=l,  m=l 

58.4 

n=0,  torsion 

ni.h 

n=l, 

173.0 

161.0 

n=0,  longitudinal 

196.1 

180.2 

VIBRATION  ANALYSIS  USING  DAMPED  SOLID  FINITE  ELEMENTS 


Frequency,  Hz 

Damping  value, 

l/Q 

(a) 

Mode 

Undamped 

Damped 

Bending  - 1st 

56.38 

56.39 

0.027 

Longitudinal  - 1st  | 

196.0 

197.1 

.056 

^ l/Q  e Tj  where  T\  is  the  equivalent  damping  constant; 
c.f.,  Tong,  Kin  N. : Theory  of  Mechanical  Vibrations.  John 

Wiley  & Sons,  Inc.,  I960,  p.  15. 


Total  Vehicle  Analysis 

At  the  time  of  this  writing,  vibration  analysis  results  for  the 
completely  coupled  shuttle  configuration  were  not  available. 


NASTRAN  EXPERIENCES 


Hydroelastic  AnaDysis 


Some  difficulties  were  encountered  in  attempting  to  run  the 
hydroelastic  analysis.  Eefore  setting  up  the  l/8-scale  model  LOp 
tank,  the  program  was  run  for  a small  problem  containing  86  degrees 
of  freedom  in  the  analysis  a-set.  After  this  had  been  run 
successfully,  the  LOo  tank  which  had  'JIJ  a-set  degrees  of  freedom, 
was  modeled  and  submitted  for  computation,  A summary  of  the 
difficulties  encountered  . conducting  the  larger  hydroelastic 
analysis  are  as  follows: 

(a)  Hydroelastic  problems  will  not  run  in  Level  15-5  of  NASTRAN, 

A system  0C1  error  occurs  while  executing  module  QCAD-  This 
error  has  been  reported  to  NSMO  and  is  listed  as  SPR 

(b)  Often  only  a single  Eigenvalue  is  extracted,  using  the  Inverse 
Power  Method,  although  more  are  present.  This  we  now  feel  is 
a function  of  incorrect  completion  codes.  This  error  is  now 
listed  as  SPR  995. 

(c)  Fluid  rings  must  be  input  in  ascending  order  on  RINGFL  cards 

or  progrecn  terminates  with  error  No.  2001.  This  error  has  been 

reported  to  NSMO  and  is  listed  as  SPR  1017« 

\ 

(d)  Fluid  element  identification  numbers  are  limited  in  size  to 
approximately  30  000  or  less.  Numbers  greater  than  this 
cause  a 0C5  system  error  in  Module  TAl.  This  error  is  now 
listed  as  SPR  IOI6. 

(e)  BAROR  card  causes  fatal  error  in  hydroelastic  analysis.  This 
error  has  been  reported  to  NSMO- 

(f)  Data  block  Maa  is  not  pooled  correctly  in  module  SMP2  in 
Level  15.1.  This  causes  fatal  error  1105  if  lirogram  is 
checkpointed.  (Problem  runs  without  checkpoint).  This 
error  has  been  reported  to  NSMO. 


One  continued  difficulty  was  the  large  amount  of  computer  rxmning  time 
required  for  the  eigenvedue  solutions  in  Rigid  Format  7« 
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No  information  is  available  either  in  the  literature  or  from  NSMO 
regarding  the  reduction  of  the  number  of  D.O.F.  when  using  fluid  elements  in 
hydroelastic  problem.  And  yet,  if  shuttle  hydroelastic  analyses  are 
to  be  accomplished  in  moderate  computer  time  then  a major  reduction 
seems  advisable.  In  order  to  determine  i;  i a reduction  is 
possible,  a small  hydroelastic  problem  war  used.  It  was  found  that 
using  the  internally  generated  fluid  p int  n'iuibers  on  OMT  cards 
did  not  violate  any  NASTRAN  rules  and  the  program  ran  successfully  to 
completion.  These  internal  numbers  may  be  calculated  following  the 
rules  in  the  NASTRAN  User*  s Manual  or  an  unreduced  problem  may  be  run  as 
far  as  GP4  with  diagnostic  21  turned  on. 

A review  of  the  frequencies  shown  in  the  following  table  indicates  that 
the  resTilts  are  comparable  for  the  lower  frequency  modes. 


EI'TECT  OF  REDUCING  FLUID  POINTS  IN  HYDROELASTIC  ANALYSIS 

jsinqjle  l/8-segnent  of  hemispherical  tank, 
total  degrees  of  freedom  = 150 


Frequency,  hz 

Mode 

No  omitted  points 
analysis  D.O.F.  = 85 

Omitted  fluid  points 
analysis  D.O.F.  = 77 

1 

283 

292 

2 

421 

436 

5 

536 

544 

k 

606 

698 

5 

697 

797 

164 


SRB  Analysis 


For  the  entity  propellant  cylinder  the  inverse  power  method  found  errone- 
ous roots  and  left  out  some  roots.  These  roots  were  suhsenuently  found  using 
the  Givens  method  and  the  erroneous  roots  did  not  appear.  The  Givens  method 
general.ly  did  not  work  for  large  problems  on  level  15 • 5 but  did  work  on  level 
15.1.  The  damped  vibrational  analysis,  using  Rigid  Format  7,  gave  a fatal 
error  message  after  finding  the  eigenvalues.  The  eigenvalue  rtmning  times 
tended  to  be  long  (lOOO  CPU  seconds  on  an  IBM  57O/165  for  I76  reduced  D.O.F. 
using  the  DFT  method).  These  errors  did  not  occur  for  very  small  prototype 
problems.  Other  difficulties  that  were  encountered  included  erroneous  fatal 
messages}  for  example,  a U602  message  was  encountered  for  a singular  matrix. 
These  errors  also  seemed  to  be  a fvinction  of  the  large  size  problems  under 
consideration. 


Orblter  Coupling  Analysis 


Once  the  KdAP  alters  were  debugged,  essentially  no  major  problems 
were  encountered  as  far  as  obtaining  results  for  the  orbiter.  The 
incoiTporated  checks  and  plots  proved  to  be  major  aides  in  "debugging" 
the  input  data  to  Phase  1.  Experience  with  the  various  alters  is 
listed  below: 

(1)  Incorporating  the  rigid  body  checks  in  phase  1 is  essential 
in  determining  if  there  are  any  erroneous  constraints  in  the 
substructures. 

(2)  If  the  rigid  body  check  is  not  satisfactory  and  the  erroneous 
constraint  is  11ml tted  to  a single  construct,  then  printing 
the  reduced  rigid  body  support  stiffness  [x]  eund  obtaining 
from  it  the  resultants  of  the  rigid  body  forces  helps  in  locating 
the  coordinates  of  the  erroneous  constraint. 

(3)  If  the  tnouble  is  caused  MFC's  then  the  resultants  of  the 
m-set  loads  helps  in  locating  MPC  errors. 

(1<^)  If  MFC's  and  SPC's  are  in  error,  n»de  plots  are  helpful  in 
locating  erroneous  CPC's  and  sometimes  MFC's. 
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(5)  If  free-free  modes  are  obtained,  then  printing  the  rfiember 
forces  and/or  SPC  forces  for  the  rigid  body  inodes  nu.y 
help  in  locating  the  erroneous  constraint  since  the 
structure  should  be  free  of  stress. 

(6)  Mode  plots  in  phase  1 have  helped  in  determining  whether  the 
appropriatw  nodes  have  been  selected  as  dynamic  degrees  of 
freedom.  In  some  cases  "soft  spots"  were  accidentally 
selected  for  the  a-set  and  these  caused  local  motions  to 
show  up  in  the  mode  plots. 


In  order  to  obtain  plots  in  the  coupling  run  (phase  2)  it  is 
suggested  that  grid  points  rather  than  scalar  points  be  used  in  the 
coupling  phase.  PLOTEL  elements  were  then  used  to  connect  the  grid 
points  creating  a pseudostructure  that  is  suitable  for  plotting.  The 
grid  points  established  in  phase  2 were  the  grid  points  that  are 
associated  with  the  substructure  a-set  degrees  of  freedom.  All  non- 
strainable  D.O.F.  were  removed  by  SPC's.  It  should  be  noted  that 
each  substructure  had  a unique  grid  point  numbering  system  so  ttet 
the  grid  cards  in  the  a-set  of  each  substructure  could  be  duplicated 
and  incorporated  in  phase  2.  Common  interface  points  were  made  common 
by  MFC’s. 

If  necessary  the  a-set  of  a given  substructure  was  increased  so 
that  a more  realistic  plot  could  be  obtained.  This  also  necessitated 
having  x,  y,  and  z D.O.F.  at  all  points  to  oe  plotted  so  that  all 
significant  motion  is  displayed. 

To  prevent  loss  of  mass,  it  is  recommended  that  mass  should  not 
be  assigned  to  grid  points  having  nonstrainable  D.O.F. , such  as, 
intermediate  grid  points  in  a planar  frame.  If  assigning  mass  to 
such  nodes  is  necesssury,  then  MFC's  should  be  used  Instead  of  SPC's 
to  remove  the  singularity  from  the  stiffness  matrix;  this  will  conserve 
the  total  mass  distribution. 
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System  Experience 


One  of  the  fallouts  of  our  analysis  of  the  l/8-scale  mod'll  has 
been  a further  evaluation  and  demonstration  of  the  program  that  is 
scheduled  to  eventually  replace  our  own  in-house  system.  Partly  as 
a result  of  this  work,  we  believe  that  NASTRAN  is  ready  to  handle  the 
analysis  of  large  aerospace  vehicles  such  as  the  shuttle.  We  would 
like  to  point  out,  however,  some  additional  features  associated  with 
NASTRAN  which  must  be  given  consideration. 

(1)  The  learning  curve  for  NASTRAN  is  rather  flat.  If  you 
want  to  be  in  a position  of  making  extensive  alters  to 
the  rigid  formats,  and  any  aerospace  company  faced  with 
large  complex  problems  must  be  in  this  position,  then  the 
investment  in  learning  time  is  large.  Future  levels  of 
NASTRAN  should  concentrate  on  building  a system  that  is 
more  easily  altered.  We  feel  that  it  is  far  more  important 
to  devote  NASTRAN  funds  to  developing  a sound  basic  system 
than  to  adding  capability  for  solving  specialized  problems. 

(2)  Our  in-house  developed  postprocessor  for  converting  s»"lected 
NASTRAN  element  corner  forces,  for  exanqple,  membrane  elements 
and  rod-shear  panel  assemblies,  has  been  completed  (available 
from  level  I5.5).  Although  not  used  on  the  l/8-scale  model 
analysis  this  program  is  a necessity  if  we  are  to  obtain  internal 
member  loads  in  a form  required  by  our  designers. 

(5)  Experience  in  running  large  problems  in  NASTRAN  should  be 

established  prior  to  actual  run  submissions.  Adequate  time 
should  be  provided  f u’  liificultles  encountered  the  first  few 
times  a new  problem  i . run.  The  availability  of  experienced 
computer  systems  euiilj.  'r.s  capable  of  assisting  in  such 
difficulties  helps  ma  ‘.iially  i-,  expediting  NASTRAN  analyses. 
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APPiNDIX 


NASTRAN  SUBSTRUCTURING  ANAJJfSIS  FOR  NORMAL  MODES 
ALTERED  RIGID  FORMAT  3 FOR  PHASE  1 OR  2 


Incorporated  New  Bulk  Parameters 


(1)  NOSUB 

(2)  TPC0PI20 

(3)  TPNAME 

(4)  RMODE>0 


(5)  TPNAME9 

(6)  TPCOraaC 

(7)  TFNAMBN 


Number  of  8ubstructur*s  to  be  coupled  in  this  ivn. 
Default  » 1,  which  indicates  a phase  1 run,  where 
one  substructure  will  be  reduced. 

Will  put  reduced  stiffness  and  mass  matrix  (Kaa  & 

Maa)  on  tape  Defcul*  = -1 

Label  name  of  INPT.  Use  only  when  TPCOFf^O 

Causes  restrained  free  modes  to  be  obtained.  The 
lestraints  are  defined  in  an  input  column  partition 
matrix  (CPAJC),  which  will  partition  the  a-set  into 
J a»  C seta.  Default  = -1.  In  this  case  free-fsree 
modes  will  be  obtained  if  there  is  a SUPORT  card  in 
the  BUUC  data,  defining  the  rigid  body  supports. 

Although  (CPAJC)  is  not  used  when  RHODE  » -1,  it 
must  be  defined  in  the  BUIK  data.  It  is  sufficient 
to  defint  it  as  a 1 y 1 matrix.  Also,  don't  forget 
the  EIGR  card  if  modes  are  to  be  obtained. 

Label  name  of  INP9>  which  contains  the  column 
partition  vector,  reduced  stiffness,  and  mass  for 
each  reduced  substructure.  The  column  partition 
vectors  are  used  to  merge  the  reduced  stiffness  and 
mass  of  each  reduced  substructure  into  a coonon  pseudo- 
structure  lineup.  Use  this  parameter  only  when  BOSUB>'i . 

Will  put  thr  pseudostructure  eigenvalues  and  eigen- 
vectors in  substructure  linevrps  on  tape  (INPl,  INP2, 
etc.)  for  further  processing,  in  this  case  final 
substructure  mode  shapes.  Default  - -1. 

Conson  label  name  of  INPl,  INP2,  etc.  Use  only  w'.  ~,n 
TPcoraao. 
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Incorporated  New  Bulk  Input  Matrices 


The  following  input  matrices  must  be  defined  in  the  BUIK  data 
on  WH  cards  whether  they  are  needed  or  not.  If  they  are  not  needed, 
defining  them  as  a 1 x 1 matrix  will  suffice. 

(1)  EQR  Matrix 

This  matrix  expresses  the  resultants  about  an  origin, 
due  to  unit  rigid  body  support  loads.  The  rigid  body  degrees 
of  freedom  are  defined  on  the  standard  NASTRAN  SUPOBT  card. 
The  EQR  matrix  is  necessary  if  the  checks,  which  are 
incorporatr-d  in  the  AI/TERS,  are  to  be  performed.  The  origin 
chosen,  should  be  the  same  origin  defined  on  the  standard 
GRDHiT  parameter  card. 

(2)  CPAJC  Matrix 

This  matrix  is  used  when  restrained-free  modes  are  to  be 
obtained  (RM0DE=1).  This  matrix  is  a column  partitioning 
vector  which  defines  the  restrained  degrees  of  freedom  from 
the  analysis  set  (a-set)  degrees  of  freedom. 


IMPORTANT  NOTE; 

When  doing  a coupling  run,  where  all  substructures  have  been 
reduced  and  on  tape,  it  was  necessary  to  input  in  the  BUIIC  data  at 
least  one  element,  to  prevent  a fatal  error  in  module  TAl.  A thin, 
string-like  rod  will  suffice.  The  element  must  be  counted  as  a 
substructure  so  that  the  new  NOSUB  parameter  was  increased  by  one. 


Alters  Incorporated  (General  Flow) 


START  1 

r 

ADTER  2 

... 

r 

next 

page) 

Define 

Define 


new  parameter  defaults 
parameter  TRUE  = -1 


r 

] 

I 

-I  ' 


NOSUB  = 1 
TPCOPT  = -1 
TPCOPIN  = -1 
RMDDE  = 1 


a 


( 


y 
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ALTER  23,  23 ' 
Page  193  I 


ALTER  24  |— 

zEz; 

ALTER  23  I-- 


alter  27I-- 

ALTER  29  h 


ALTER  30  1 

~T^ 

ALTER  37,  37 
Page  195 


I 

ALTER  UO,Uo}- 


ALTER  48,  481 

ALTER  49  f 

\ 

ALE 

\J\ 

CO 

vn 

CO 

1 

1 

1 

1 

1 

1 

1 

1 

Delete  original  error  (possible  not  to  have 
structural  elements  in  BUIK  for  coupling  run). 
Mso  defines  coupling  parameter  and  other 
parameters  and  performs  appropriate  purges. 


Insert  LABEL  124  (referenced  in  ALTER  23,  23) 


Insert  COND  127,  NOSIMP  (Skips  generation  of 
stiffness  Kggx  if  no  structural  elements) 


Insert  LABEL  127  (referenced  in  ALTER  25) 


Insert 


COND  129,  COUPIE 
‘ JUMP  L30 
LABEL  L29 


Possible  not  to  have  ae.ss 
in  BUIiC  for  coupling  run. 


Insert  LABEL  L30  (referenced  in  ALTER  30) 


If  this  is  a coupling  run  (phase  2),  this  alter 
will  read  in  reduced  substructure  matrices  from 
tape  and  merge  them  into  pseudostructure  g-lineup. 
The  combined  stiffness  and  mass  are  then  added  to 
the  unreduced  substructure  stiffness  and  mass 
(if  any). 

Chsuxge  input  Kggx  to  Kggy  in  SliA3  module  (Kggy 
includes  reduced  substructure  stiffnesses,  if  any) 


Change  Mgg  to  Mggy  in  EQUIV  statement.  Mggy 
includes  reduced  substructure  masses,  if  any. 
Also  chsuiges  the  mass  matrix  Mgg  to  a weight 
matrix  and  prints  it  out  (wgg  = Mgg  x 586.4) 


Insert 


COND  L49.  COUPLE 
^ JUMP  LBL4 
, LABEL  L49 


Skips  GPSP  module 
if  a coupling  run 


Change  Mgg  to  Mggy  in  M3E2  Module  (Mg^  Includes 
any  reduced  substructure  mass  if  any.) 


SEEMAT  KAA,  MAA  (pictoral  view  to  see  if  there 
are  zeros  on  diagonal 


This  package  can  be  considered  a quality  control 
module.  It  generates  checks  to  ensure  that 
there  are  no  errant  constraints  and  no  mass 
has  been  lost.  See  detailed  flow.  This  alter 
also  puts  the  reduced  stiffness  and  mass  on  tape 
provided  the  parameter  TPCOPI  is  not  less  than 
zero. 

Obtains  restrained  free  modes  (fixed  at  interface) 
or  directs  flow  to  obtain  free-free  modes. 


Change  MI  to  IM  in  original  statement 


Insert  LABEL  L93  (referenced  in  ALTER  89,  89) 


If  a coupling  run  (phase  3)»  this  alter  extracts 
out  eigenvalues  and  eigenvectors  for  each  reduced 
substructure  and  puts  them  on  separate  tapes. 
These  tapes  can  then  be  used  in  a PHASE  3 run 
to  obtain  detailed  substructure  mode  shapes. 
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' '¥ 


AlgER  21, Zi  DEPATTja)  FLOW 


ALTER 


\ ^ 

DEFINE  COUPLING  PAEArlCTER 

) ^ 

COUPLE  = NDSUB-2 

* If  -1,  this  is  not  a 
coupling  run  (Phase  l) 
This  run  would  strictly 
be  a Phase  1 run,  when 
one  substructure  will  be 
reduced. 


< f 


NOEME  = -1 

YES  / X NO  ^ 

NOEMT  = +1 

f \^SIMP  X 

^No  elements 
defined  in  BUIK. 

^ , m 

■*.v 


No  structural  elements  in  BUIK. 


LABEL  ER23 

PRINT  PARAMETER 
NOINP 


1 — -a ' 

PURGE  & CHKPNT 

5^t 

PosBlble  Cause  of  Error 
If  coupling  run,  the  NOSUB 
paraoeter  oust  be  input  in 
BUIK. 


^ BMP  OP  AlffER  23,23*) 
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AIJER  37.  37  DETAlIgP  FLOW 


JIMP  IOOP37  Top  of  Loop  which  combines 

LABEL  IOOP37  reduced  Substructure  n»trices 
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MERGE  SUBSTRUCTURE  REDUCED  STIFFNESS  & MASS 
INTO  PSEUDOSTRUCTURE  G-LINEUP,  USING  COLUMN 
PARTITIONING  VECTOR  CPGi 


NOT  1st  PASS 


LABEL  L37A 
V^ASS^^ 


YES  1st  PASS 


ADD  ABOVE  MATRICES  TO  PREVIOUS  ACCUMULATED 
SUBSTRUCTUPB  MATRICES 

CKggs]  < [Kgt'^  = [Kggsl  + tKggil 

EQUIV 

[Mggs3  ^ (^Mgt3  = [Megs']  + [Nggi"] 


LABEL  L37B 


DEFINE  SKIP  LOOP  PARAMETER 
SKIP2  = NOSUB-PASS 


INCHEASE  LOOP  PAKAMETER 
PA^S  = PASS  + 1 


/IS\ 

'noelmt 

\<o/ 


Elements  are  present 
in  BULK 


No  elements  present 
in  BUIK,  All  substructures 
have  been  reduced  and  on 
tape. 


LABEL  L37C 

yrsV 

^KIP  2 V 

\<oX 


No  more  reduced 

substructures  on  tape.> 


REDEFINE  SKIP  LOOP  PARAMETER 
SKIP2  = SKIP2  . 1 


Although  this  is  a coupling 
run,  one  substructure  has  not 
been  reduced  and  is  defined  in 
BUIK.  This  run  3s  a combined 
Phase  1 Sb  2 run. 


Q REFT  LOOP  37,8  ) 

'^Return  to  top  of  Loop 
for  next  substructure. 


TO  LABEL  L37I> 
next  page 
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4 


AUIER  8U  DBIAII£D  FLOW 
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START  GENERATING  EQUILIBRIUM  MATRICES 


> 

NOTE:  Equilibrium  matrices  express  resultants  about  a chosen  origin 

due  to  unit  loads  at  the  USET  degrees  of  freedom.  They  are 
generated  from  an  Input  matrix  bhe  solved  structural 

transformations  [Gx^  , [G(0  ^ and  QP]  . BQr  expresses 
resultants  due  to  unit  rigid  body  loads  (r-set). 

' 

1 

f 

PURGE  BQc 

j/OMIT/EQa/MPCFl 

1 RESUI/r AMTS /UNIT  -USET  LOADS  | 

R 

Eq{]  = [stir]  [d] 
ESUITANTS/UNIT  a-£ 

T 

JET  LOADS 

EESULTANTS/UNIT  o-SET  LOADS 

. NO  /OMrr> 

[sue]  .[Bte]  [Oo]’’ 
KESUIiTANTS/UNIT  f-SET  LOADS 

I YES  (N( 

[i«3  <=  ! EQal 

f 0 *\ 

mvf  - - 

merged  using  > 

— 

1 RESUITANTS/UNIT  n-SET 

LOADS 

[wil 

1 <=  [ Os  1 Edf] 
merged  using  ^ 

Clhf} 

Note:  Resultants  due  to  SPC  unit  loads  cannot 

be  obtained  by  this  niethod.  Therefore  reserve 
SPC’s  for  zero  stiffness  D*O.F,  and  sym.  or 
anticonstraints  at  the  plane  of  symnetry.  If 
there  is  a plane  of  symmetry,  the  resultants 
expressed  should  be  sym.  or  antiresultants  only. 


LABEL  L8UA 


YES  (No  s-set) 


||Qn 

— 

EQUIV 

M 

f TO  LABEL  L8J*B  ’ 
V next  page 
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resultants/unit 

m-SET  LOADS 

= [eoh]] 

RESULTAOTS/UNIT 

g-SET  LOADS 

1 

f 

I EQn] 

merged  using 

M 

LABEL  L84B 


^MPCF1> 

Vo/ 


YES  (No  m-set) 


LABEL  L84C 

ffiCm  EQa,  BQo,  B)f,  BQm,  BQn,  EQgj 


H^PR 


Print  to  (dieck  input  matrix  EQr  . Printed  out 
in  transposed  form  for  ease  of  reading. 


RIGID  BODY  STlFraESS 
[ x1  = Gcrrl  + fu  J 


MAIGPR 

Txl 


Recalculated  because  it  wasn't 
saved  in  RBMG3*  In  case  rigid 
body  check  doesn't  wort  out, 
we  want  to  print  out  . 


RESULTAHTS/RIOID  BODY  d'S 

w -feiiw 

thould  be  »erp 


If  not  sero  and  If  eauaed  by  an 
Isolated  error,  the  resultants 
can  help  pinpoint  the  trouble  spot. 


Ihaiofp  I 

L 

IS 

next,  page 


, L_ 

( END  OF  ALTER  6U  ) 
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ppPATTgP  FLOW 


AlffiER  89,89 


Restrained  Free  aodes  vill  be 
obtained,  which  will  probably 
be  fixed  at  Interface 
A col.  partition  ndtrlx 
Biust  be  input. 


/is\ 

HMODE 


PURGE 

Matrices  generated  in 
restrained  mode  path 


LABEL  L89 


Free-Free  Modes 
will  be  obtained 


‘piHMTlO*  REDUCED  STIPF  fc  MASS  IWEO 
1 C 'HSIRAIIIED  & FHiE  SET  USIHC  COL. 
FARnnOH  MATRIX  CPAJC 


CHAHQE  MI  TO  m IH  ORIGIHAL 

read  statememt  m has  beew 

USED  wTflRWHERE 


OF  ALTER 


OBIAIH  RESTRAIHED  free  icdbs 


READ  KJ3,  MJJ,„  EED„  CASECC/LAMJ,  PHIJ,  MJ,  OEIOSj/C,  !. 
MOQES/V,  W.  MEIQV 


save  eeigv 

BUJIV  LAMJ,  LAHa/TRUE 

SSn  iSS,  W,  MJ,  (»08J 

OFF  LAMJ,  aBIOSJ„„//V,  H,  CABDBO 


CjCPARD  EMB5BVBCTOB8  A-LIHBUP 
U81K  CPAJC  . ^ 


criwv  - -I 
■VJIV 

[rai^* wija 


CHXPRT 


PHIJa 

FHIa 

LAMa 


JUMP  TO 
LABEL  L93 


AI/TER  112  DEPAIX£D  FIOW 


(alter  112^ 


This  Is  a coupling 
run.  ^ 


YES 


PURGE 

Matrices  generated 
for  coupling  run 
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I REWIND  TAPE  CONTAINING  REDUCED  SUBSTRUCTURE  MATRICES 


INITIAL  LOO?  P/ 

IRAMETER  VALUE 

: 1 

Top  of  Loop  to  extract  out  JUMP  IOOP112 
eigenvectors  for  each  LABEL  L00P112 


I 


( FINIS  ) 


JINC'  TO  ^ 
LABEL  LU2  ' 
next  page  J 


‘ TO  LABEL  L1I2A 
y next  page 


I 

I 

i 

i 
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REPRODUOBIl  ITY  OF  THE  ORIGINAL  PAGE  IS  POOR. 


NA3TTAN  FXrrUTIVE  CnNTWOL  HECK  ECH-  □ 


!0  PHASE? 

APP  n I 

TIME 

CHKPNT  yPS 

SOL  3*0 

PI  AG  n*  14*  1 ?l 

ALTEP  2 « ">A?AMETE^  PE  ’AULTS 

PAP  AM  / /C*  N^MPP/V  • YfN')SVJM  = l 

PAP  AM  //C»N»N  TP/V  • Y,  TPCriPY=-  1 

PAR  AM  //C*  N*NTP/V,  Y^TPrc^PYN^-  I 

PAP  AM  //C*  NtN  TP  ♦ Y*?*^nDF  s-  1 

PAP  AM  //C*  >1  IP  / V *N  ♦ TPU*-"  =-  I 

f 

ALTER  S ^ETETIINES  COUPLING  PAPAMETEP  t PERFORMS  PLJPGFS 

PAP  AM  //CfN*  SUS/V.N*COUPLF/V<  Y * NO  SUR /C  , N 

PARAM  //C«N# ANO/V*NtNPF!  mj/ V , N , NOGF NL / V • N * NCSI MP  « 

PAP  AM  / / C«  Nf  ANT /V  » N,  Nin  I NP  /V  • NOF  L M T / V • N ♦ C CUPL  E % 

CONO  RR?3*'vntN?  A WILL  FXIT  I^  NOT  A COUPLING  PUN  S NO  ELEMENTS 

PURGE  GPST^K  GGX/N  ISM^* 

ChKPNT  GPST*KGGX 
CONH  L?3t COUPLE 

PURGE  OGPST/T^U*^ 

JUMP  L24 

LAHFL  ER?3 

PRTPAPM  //C#N» O/GtNfNOINP  f 
EX  IT 

LABEL  L2J 

t 

At  TFP  ?4 
LAHFL  L24 

At  TFP  ?S 

COND  L2f*NOS!MP 

AITFP  27 
LABEL  L27 

ALTER  29 

rCND  L 29*  COUPLE 

JUMP  L10 

L Ar.*^’L  L 29 

ALTER  30 
LABEL  LIT 

f 

AITTP  37*37  * IE  COJPLING  R UM  *C  0 MB  1 NF  S SUf«  S TPUC  TURFS  • 

^ T-ifI  FILLOWINO  maTPTCFS  FOP  EACH  SUHSTPUCT*  ASSUMED  ON  INP^ 

$ C?GI  ^ column  PAPTITIONG  VECTOR  FOR  MERGING  KI  C Ml 

% < I «;  Ml  = RLOUC^^D  STIFFNF:SS  R mass 

PURGE  CPGl  .<  !•  M 1*<GGT  *MGGI  *KvSGS*  MGG  S • KG  T * MG T/C  CUPLE 
COND  L ‘•‘^OfCOUPL'i  4 SKin^NOT  A COUPLING  RUN 

UPUTTl  /•  * * . /CfN  3/C  .N  *9/v%  Y*  TPNAMF  g $ LIST  TAPE  f.  REMIND 

PAPAM  //Cf  M*M0P/V*N,nAS5^=l  1-  INITIAL  LOOP  PASS  PARAMETER 
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N 


.1%*'  ■ ^ 


‘ ; REPRODUrmillTY  OF  THE  ORIGINAL  PAGE  IS  POOR. 


N A S T 4 N 


FX»^C  UTI  VF 


CONTROL 


D F C K 


ECHO 


JUMP  LOr^:37 

f ABEL  LOOf»37  ^ T )P  OF  LOO^ 

[PAP  AM  / /C*  M*  SiJB/V*  N*PA  SS  1 / V fN  *PA  SS/C  t •'<•2 

ilNPUTTl  /C^GUKl.Mt  • ,/C»NtO/C*N*Q  S 
^CONO  L37,*^ASSI  ^ SK  1 ^ TO  L17  IF  FIRST  PAS*=; 
►JUMP  L37A 

[label  L17 

[merge.  . • .<  1.  C^Gt  ♦ /KGGS/C  . N . - 1 /C  . N . 2 /C  . N ♦ 6 

f MERGE.  . . ♦ M I.  C=>GT  . /MGG  S/C  .N.-  I /C.N.2/C.N.F» 

^LABFL  L 37A 

COND  L17B,daGSI  S skip  TO  LT7«:»  IF  FIRST  PASS 

MFRGF,  . . .K  1.  C »GI  , /KGG  I /C  .N  . - 1 /C  .N  .2  /C  .N.ft 

MFP  GF,  . . . M I.  CR  i I . /MGGl  /C  .N  . - I /C  .N  .2  /C  .N.6 

AOf)  < GG3.KG31/KGT  ft 

FO'J  IV  K GT.  <GGS/T'?tJF 

ADD  MGGS.MGGI /MGT  ft 

FOJ  IV  M GT.  MGGS^fR'JE 

LAUFL  L 17  I 

par AM  //C.N. AO)/V.N.PASS/V.N.PASS/C .N.l 

PAR AM  / /C. N. SUB/V. M. SK I P 2 /V . Y . NO  SUB / V . N . PA SS 

CONO  L17C.NJFL'^T 

pAPAM  //C.  N*  SU  1 /V  . N . SK  ip  2/V  .N  . ski  P2/C  .N.l 

LAPFL  L 17C 

CONO  L i7  3. S<  IR  ^ 

f’FPT  LT)JP27.  I 

LABEL  L ^70 

CHKPNT  KGGS.MGGS 

AOO  < GGX.KGGS/<GGV  ft 

ADD  MGG. MGG3/3GGY  ft 

CHKPNT  KGGY.MGGY 

FOUIV  KGGY.KG  j/>nGrNL  ft 


alter 

SM  a:^ 

At.  T I R 
ADD 

MAT  GPP 

FOU  IV 

ALTER 

CONO 

JUMP 

LABEL 

alter 

MCF2 
AL  TER 
SEEM  AT 
ft 

Al  TER 
PURGE 
PttRGE 


40.  AO 

GF I. <GG</KGG/V.N.LUS^T/V .N .NOGF NL/ V * N ♦ NOS  I MP 
4B.  AO 

MGG.  /<^GG/C.Y.ALPHA=(T«N.4,0#0)  ft 
GPLf  user, SIL.WGG//C.N.G 
KGG.KMN/MPCF I /MGG Y . MN N/MPCE I 
49 

LA  uco\nL^ 

L BL4 
L A9 
SO 

USFT ,GM .KGG.MGGY. . /KNN.MNN. . ft 
74 

KA  X.MAA..  .//C.N.(>R  I NT 


CP  \PL.  C'^f  OA  . CMNSF  . rPG  MM.  FOR  .F  OL  .L  OA  .E  00  .EOF  ,E  ON.E  QM.  FQG/RE  ACT 
rX  .FXT.F  JMT.'^ONT.FOGT.f  9G  TC  ♦ MOGG  . MOGG  Y/RF  ACT 
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N A S T ^ N 


r U T I V F 


c P K T « ^ L 


D r c K 


F C 


CPNiO 

PUPGF 

VFC 

COND 

vrr 

LA‘=»FL 

COND 

VFC 

I A^FL 

CONH 

VFC 

LAMR 

ch<c>nt 

PUPGF 

TRNSP 

MPy  AD 

mF^GF 

FOJ  TV 

COND 

TON<^P 

MPY  An 

MFPGF 

L AOFL 

FOIJ  IV 

COND 

MFROFf 

LADFL 

COU  IV 

CONO 

TPNSP 

MPY  AO 

MFPGF 


^ T DFC'  TH  GFNFuatF  F QG 

C^pn A/OM I T 5F/SI MGL^ /rPGMN/MPC-  I 

U 3FT /C^ A ^L/C # A /C  tN. r /C , Nf  L ^ 

IT 

UGFT/C^-lA/G.M.F/r  ,N«n/r  «n*a  % 

L C«  I 

UCP2*  GINGL'": 

UGFT/C'*  4SF/C  tN-  iM/c:  fN#  1 /C  f N * 

L Cf^3»M  >CF  I 

t|  SET /C^GM  4/C  *N  *G /r  , N » M/r  tN«N  ^ 

L C'>  3 

A,  C CPGHN  ♦ Cr^APL 

EOT /O^  IT/'*  )-^/MPC=  1 

OM/  )MT 

E ^ ^ # DM  T ♦ / t')L  /C  f N # C /r  • N ♦ I /C  ♦ N t C 

* • f^OL  * ♦ CP  APL  • /f  ')  A /C  f I * NJ  ♦?  /C  * N •? 

EOA.  HOF/O'^  I T 
L F4A*OM IT 
GO/ Sir 

E'3  A*  GOTf  /FOO  /C  * ^4  * O /C  ♦ N , I /C  »N  • 0 

FQ'J,  » FO  Af  # CPFOA  . /F  QP  /C  ,N  f 1 /C  ♦ N * 2 /C  • N •? 

L 94A 

EO»^*  EON/S  I «4  »Uf 

LF4R*  SIMGLC 

« ♦ EOFf  « CP'4  t /FTN/C  iN  * I /r  t N • ? /C  • N # 2 
L 941 

EINf  EQ  S/  4PCF  I 

Ue4C*MPC<="l 

GM/GMT 

FlSf  /C  ) 1 /C  • N , 0 /C  ♦ N I I /C  *N  # P 

FTMf  ♦*^ON«  •C->GMN»  /FOg/C  tN  * I /C  t N*?/C  %N  *2 


LAPEL  L9  4C 

pi^pfsjT  EIL  » FO  A ♦ E > J • FCF  • F ON  «F  QM  ,F  JG 
TPNSP  EO'^/F)'^!’ 

mat  GPP  G'L,  USFTt  SIL  T//C  ,N 

MPYAO  <L'I#  O’Wf  </F  • N • 1 F 

MAT  GPP  GPU  fU  SET*  SlLfX//C*N,"? 

MPY AD  FOlf Xt /EX/C tN • 0/C #N* I /C ,N*0  S 

TPNSP  EX/EXT 

mat GPP  GPLf U3ET,  S I L t T X T/ /r , N , P 
COND  L 941t MPCF I 
TPNSP  f^ON/EONT 

MATGPR  GPLtUSET.  > IL t ^OMT / /C • N . M 
LABFL  L9  41 
TPNSP  EON/eONT 

MAT  GPP  GPLtUSET*  5 !L  t FON  T / /F  , N . N 
TPNSP  EOG/EOGT 

ADO  rOGTt  /'^OGTC/C  tVt  ALPHA  = ( 38'^.4*0.0)  S 

% ASSUME  CONVEPSIIN  OF  MASS  TO  LH  S = 3FSt4 
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^ 4 4'* 


N ^ 


f ^ N N 


r u T I V F 


C n K T t?  C t 


O F C K 


F r H 0 


SMPY  \ 0 ) Gt  S*  " )GTC  * f * / ,N  » 3 /C  *N  . I /C  • K * C ^ 

S^•^y  AD  rri  '^GGY  * rr)  TC  » , ♦ /»*  nr, ^ Y /C  • N 1 1 /C  , N , 1 /C  t N • 0 $ 

MATPRN  ^ • f • // 

I A^^FL  L *=  '4  = 

CO*^)D  L y 

nuTP'JT  I K AA*  ’lAAt  ♦ ♦ / /C  ,N  • - 1 /r  ♦ N , V • Y , TPNA  vie 

LAHtL  L«AG 

At  TfO  RD, 

PliPC*r  < J J • <c  J #K  JG  f KCr  t M J J fMCj  ♦ Y JC  ♦MCr  • PHI  J,  y J ♦ oe  IGS  J tPHI  JA/ WMCOk 

rOK»D  li  IF  - rof/F-rpTF  Yni)FR  WILL  MF  OBTAINED 

^ IF  PFST^AIn|*=D  M ) )F  S to  obtained  CPAjr  must  input 

PAPTN  < A A,  CP  A /<  J Jt  KC  J JC  .KCC  /C4N,-l/C,Nf2/CtNf6/C«N»2/CfN,;>/C»N*6 

PAOTN  MAA,C^AJCf/YJJ,YCj*Yjr,.YCC/CfNf-l/C*Nt?/CtN,^/C,N*2/CtN^?/C,  Nt6 

PFAD  <JJ«VJJ,,,-FDttCASFrC/LAMJ*PH!J*MJ,CFTGS  J/C  tN*  MODFS/V • N, NF IGV  $ 

SAVE  N^IGV 

FOU  IV  UA‘4  J,LN  YA/TPUF 

CHKPNT  L ay  J tPHl  J • R J .0':^  IGb  J 

OFP  - AY  J , 1 « I G ♦ / /V  »N  •CAP.^Nf) 

SAVk  CAPDND 

WFPGF  PtUJf  * *f  fCPA  JC/^HlJA/CtN»l/C  tN 

EOU  IV  IJ  A«  ^ YI  A / TPU- 

CH<  P^4T  ^HIJ  A,  3HI  A.LAMA 
JUMP  LG  3 

L AREL  L » 

C OND  F IN  t FA  CT 

PF  AD  < AA,  MAA»  M DM^ctpo  *USE  T»  C.a  bFCC  ZL  A MA  , PH  I A , V M , (JF  f GS/C  • N ♦ MODES/V  ♦ N, 

NFIGV  % 

ALTFP  QUGt 

CHKPHT  U AMA,f^HlA,MM,nFK;s  ^ 

T pp  QR 

L ABEL  L G T 

Al  TFP 
PUPGF 
rOND 
INPUT!  I 
PAP  AM 
JUMP 
LABEL 
INPUT!  I 
P APTN 
CUND 
OUTPUT  I 
JUMP 
LABEL 
MATPPN 
LABEL 
PAPAM 
PAP  AM 
COND 


$ PFWI  KD  INPP 


112 

CPGK  ,<<♦  4<.PHIAKZC  TL»FL  = 

F IMIS.CIUPL*^ 

/•  » f • ZCfN*-  I ZC  fN, DZVt  Y*  TPNAMfcP 
/ZCfM.M1P/V*N*TNPsl  % 

Lcn^  112 
LOOP  U2 

ZCPG<*<<f M<* ,ZC»N*0/C*N,D  * 

I :»♦  ,C'»  ;</♦  PH  fAK  ••  zr  %N  * 1 ♦ 

L I l?A, T^CI^YN 

L AM  A, ’HlAKf  f • /ZC  *N*- I ZVf N, 1 NP/V * Y ♦ TPN AMt N 
L 112 
L U2A 

PMl  AK*  • « ♦ / / 

L U 2 

//C»  M*  Af^l>/V*N*  iNPZVtN  *1  NP/C  *N#1  $ 

/ /Cf  N»  Stn/V*N«  SKLOOP/Vt  Y*NOSUB/VfN*  INP 
L I l2efNlELMT 
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nastras  fxfc  utivf  ccntrcl  dfck  echo 


PAR  AM  //Ct  Nl.  SKLnoP/V*N#SKl_OOP/C  *N*l 

LABEL  L I I 

COMO  F IN  tS*  S<L 

REPT  LOOP  I 1 ^ 

FNHALT  FP 
CFNO 
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TABLE  1,-  STAIISTICAL  DESCRIPTION  OF  l/8-SCAIiE  MODEL 


I I 


Schematic  of  cargo  door  joints. 


A SUB3TBUCWR63 
am  HAV^  UHIVm 
OBW  UD.  NUKBEB8 


OlOTUy  OH  TAPE 

REDUCQ)  PSEUD0-3TRUC1UHI: 
STOTKESS  A MASS  Maa 
FOR  P08SIBI/>  FURTHER 
COUPLIIIG. 


A TAPE  GENERATED 
FOR  EACH  SUBSirUCTURE 
C(XrrAIHIMG  RESULTS  FROM 
phase  2 SO  THAT  DETAUiD 
INFORMATION  CAN  BE  ORTAINED 
IN  PHA^  3 


NASTiiAN 
PHASE  3 


Figure  21* • Flow  diagram  for  NASTRAN  subctructuiing  to  obtain  normal 

modes  f Rigid  Foruwt  J). 
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STA. 118.16 


UMDEFOHMED 

DEFORMED 

(FREQUEHCY  » 56. U Hz) 


(a)  First  and  second  free  bending  modes. 
Figure  50.-  Shape  for  SRB  modes. 


IMIIER  RADIUS  OP 
PROPELLAOT 


CENTER  LINE 
OF  SRB 


(b)  Free  longitudinal  rod  mode  showing  longitudinal  thickness 
shear  deflection.  I96.O  Hz. 


Figure  50.-  Concluded. 
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(a)  First  free  bending  mode. 
Hz. 


(b)  Second  free  bending  (c)  Longitudinal  mode 
node.  173.0  Hz.  showing  some  tor- 

sion. 196.1  Hz. 


2hl 


Figure  31.-  Shapes  for  SRB  bending  modes. 
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SEISMIC  ANALYSIS  OF  NUCLEAR  POWER  PLANT  STRUCTURES 

by 

James  Chi-Dian  Go 
Computer  Sciences  Corporation 

ABSTRACT 

Primary  structures  for  nuclear  power  plants  are  designed  to  resist  expected  earthquakes 
of  the  site.  Two  intensities  are  referred  to  as  Operating  Basis  Earthquake  and  Design 
Basis  Earthquake.  These  structures  are  required  to  accommodate  these  seismic  load- 
ings without  loss  of  their  functional  integrity.  Thus,  no  plastic  yield  is  allowed. 

This  paper  describes  the  application  of  NASTRAN  in  analyzing  some  of  these  seismic 
induced  structural  dynamic  problems  and  shows  that  NASTRAN,  with  some  modiflcations, 
can  be  used  to  analyze  most  structures  that  are  subjected  to  seismic  loads.  A brief  review 
of  the  formulation  of  seismic-induced  structural  dynamics  is  also  presented. 

Two  t3rpical  structural  problems  were  selected  to  illustrate  the  application  of  the  various 
m^  .hods  of  seismic  structural  analysis  by  the  NASTRAN  system. 

INTRODUCTION 

This  paper  describes  the  basic  formulation  and  the  method  of  solution  by  NASTRAN  for 
the  structural  responses  due  to  seismic  disturbances.  Some  illustration  problems  are 
also  presented.  The  discussion  is  primarily  aimed  at  nuclear  power  plant  structures; 
however,  it  could  be  applied  to  other  types  of  structures  since  the  seismic  requirements 
on  nuclear  power  plants  are  more  stringent  than  most  other  structures. 

ANALYTICAL  FORMULATION 

The  seismic  loading  is  described  by  the  ground  acceleratim,  A(t)  . Disregarding  the 
soil- structure  interaction  effect,  the  structure  is  subjected  to  the  ground  acceleration  at 
its  foundation.  Thus,  the  equation  of  motion  for  the  structure  can  be  expressed  as 
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where 
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[cl 

(k) 

|xl 

l«t 


Cpl  + jK|jx|  = - (M|)o4A(t) 


mass  matrix 
damping  matrix 
stiffoess  maU'ix 
displacement  matrix 

directional  cosines  that  relate  (x|  to  A (t) 


(1) 


A(t)  ground  acceleration 

Expressing  equation  (1)  by  normal  mode  coordinates,  we  reduced  it  to  the  following 
uncoupled  equatim: 

MjY|  + 2X|MiW|Yj  + KjYj  = -FjMjAft) 
where 

1 

characteristic  matrix 


(2) 
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|x|  l*Hv| 

|}t|  1*H?I 


M, 


* Generalized  mass  for  the  i^^  mode 

t*.ridw 


s Damping  ratio  for  the  i^^  mode 
ParttclpatliMi  factor  for  the  i^^  mode 


l*inMlW  . 

Undamped  circular  frequency  of  the  i^  mode 
J Mode  shape  matrix  of  the  i^  mode 
Transpose  of 
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uj  and  are  calculated  from: 

|[k]-  u>||  = 0 


METHODS  OF  SOLUTION 

The  NASTRAN  system  offers  the  following  methods  of  solution: 

(1)  Rigid  Format  3;  Mode  Shape  Analysis: 

The  frequencies  of  the  structure  are  obtained  by  Rigid  Format  3.  From  these 
frequencies  an  equivalent  static  load  is  estimated  to  facilitate  the  preliminary 
design  and  analysis.  The  Uniform  Building  Code  accepts  this  approximate 
analysis  without  further  analysis  by  spectrum  method  or  transient  <ethod 

(2)  Rigid  Format  9;  Direct  Transient 

The  degrees  of  freedom  of  the  structure  are  condensed  by  Guyan  reduction. 

The  mass  of  the  structure  is  distributed  and  input  via  CONM2  cards.  The 
forcing  function,  -A(t)Mj  is  input  by  TLOADl  cards,  whore  A(t)  is  the  ground 
acceleration  history  and  Mj  the  concentrated  mass  specified  by  CONM2  cards. 

The  time  function,  A(t)  , is  specified  by  TABLEl  cards,  and  the  scale  factors 
of  DAREA  cards  are  set  equal  to  the  numerical  values  of  Mj  . 

(3)  Rigid  Format  8 or  11;  Direct  Frequency  Respemses  or  Model  Frequency  and 
Random  Resp(mse 

The  mass  of  the  structure  is  distributed  at  the  active  DOF  and  input  via  CONM2 
cards.  The  loading  is  input  by  RLOADl  cards.  The  loading  is  equal  to  -SA(f)  ♦ Mj 
where  SA(f)  is  the  seismic  spectrum,  Mj  is  the  mass  at  DOF  i,  and  f are  the 
frequencies.  SA(f)  is  input  by  TABLEDl  and  M^  hy  DAREA  cards  as  scale  fac- 
tors. These  analyses  should  be  performed  restarting  from  Rigi"*  Format  3 run. 

ILLUSTRATION  PROBLEMS 

(1)  Heat  Exchanger  (Test  Model) 

The  heat  exchanger  structure  as  shown  In  Figure  1 is  analyzed  according  to 
Uniform  Building  Code,  UBC.  The  frequencies  were  obtained  by  Rigid  Format  3. 

An  e<|piivaieitt  static  load  was  computed  according  to  UBC  and  static  analysis  was 
made  unde.*  the  combined  loadings  of  this  equivalent  seismic  load,  thermal  loads 
and  differential  air  pressure.  Retv.ts  of  this  combined  loading  was  compared  with 
other  specified  combined  loadings.  Under  this  seismic  analysis,  this  heat  exchanger 
Is  only  ^lalifled  as  a separate  test  unit  and  not  as  a part  of  any  nuclear  power  plant. 
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(2)  Shielding  Structures 

Figures  2 and  3 show  the  NASTRAN  model  of  an  interim  fuel  element  decaying 
shielding  system.  This  system  consists  of  a cover  plate,  a neutron  shield,  and 
a thermal  shield.  The  transport  equipment  which  is  movable  and  locked  on  the 
cover  when  in  use  is  considered  as  nonstructural  mass.  The  cover  plate, 
the  neutron,  and  the  thermal  shield  are  modeled  by  plate  elements  and  connect- 
ing bars  by  bar  elements.  This  model  has  about  1200  DOF  and  was  condensed 
to  about  250  DOF  by  Guyan  reduction.  The  difference  between  the  fundamental 
frequency  of  the  original  model  and  of  the  Guyan  model  is  less  than  1%. 

CONCLUSION 

From  the  experiences  cased  on  these  analyses,  it  is  obvious  that  NASTRAN  caa  be  used  to 
analyze  structural  dynamics  under  seismic  loads.  The  NASTRAN  system  has  no  limitation 
on  the  structural  model  size  as  imposed  in  most  other  general  purpose  structural  analysis 
programs.  Other  advantages  in  using  the  NASTRAN  system  in  dealing  with  seismic 
analysis  are; 


Restart  and  loading  combinations 
Flexible  I/O  format 

Model  applicable  to  all  computers  and  analysis 
Complete  selection  of  analysis  methods 

We  did  not  make  any  cost  comparison  with  any  other  programs;  however,  we  believe  the 
overall  cost  (man-hours  plus  computer  charges)  are  lower  than  other  major  programs. 
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BLADE  DYNAMICS  ANALYSIS  USING  NASTRAN 


By  Peter  S.  Kuo 


Avco  Lycoming  Division 
Stratford,  Connecticut 


SUMMARY 


M The  complexities  of  turbine  engine  blade  vibration  are  compounded  by  blade  geometry,  temperature  gradi- 
ents,  and  rotational  speeds.  Experience  indicates  that  dynamics  analysis  using  the  finite  element  approach  pro- 
vides  an  effective  means  for  predicting  vibration  characteristics  of  compressor  and  turbine  blades  whose  geometry 
may  be  irregular,  have  curved  boundaries,  and  be  subjected  to  high  temperatures  and  speeds. 

K The  NASTRAN  program  was  chosen  to  help  analyze  the  dynamics  of  normal  modes,  rotational  stiffening 
m and  thermal  effects  on  the  normal  modes,  and  forced  responses.  The  program  has  produced  reasonable  success. 
|EThis  paper  presents  the  analytical  procedures  and  the  NASTRAN  results,  in  comparison  with  a conventional 
»heam  element  program  and  laboratory  data. 

B INTRODUCTION 


Accurate  prediction  of  blade  vibration  in  axial-flow  compressors  and  turbines  is  one  of  the  most  important 
^design  steps  in  the  development  of  modern  gas-turbine  engines.  This  prediction  includes  the  calculations  of  blade 
natural  frequencies  and  modes,  rotational  stiffening  and  thermal  effects  on  the  normal  modes,  and  the  blade 
forced  responses.  Vibration  analyses  performed  previously  with  the  use  of  beam  element  theory  and  a lumoed 
mass  approach  were  found  to  be  inadequate  because  of  the  structural  complexity  in  advanced  blade  design.  The 
NASTRAN  (NASA  STRUCTURAL  ANALYSIS)  finite  element  method,  modeling  by  plate  elements,  has  pro- 
duced reasonable  agreement  with  the  measured  data,  and  therefore  a computerized  blade  geometry  generator  has 
been  developed  to  reduce  the  structural  Idealization  effort.  This  development  is  incorporated  with  other  dynamic 
analyses  using  NASTRAN. 

NASTRAN  BLADE  DYNAMICS  ANALYSIS  PROCEDURE 

A complete  dynamics  analytical  procedure  primarily  for  determining  blade  frequencies  and  modes  using 
NASTRAN  (Level  12.0)  has  been  developed  at  Avco  Lycoming  Division.  An  outline  of  the  theoretical  ap- 
proaches is  described  as  follows: 

1)  An  automated  blade  geometry  generator  using  streamline  definition  is  provided  as  a NASTRAN  prepro- 
cessor, which  constructs  a grid-point  pattern  following  the  blade  streamline  flows  and/or  curved  boundaries. 
This  generator  produces  an  accurate  NASTRAN  model  of  an  irregular  blade  configuration,  and  it  minimizes 
the  input  data  preparation. 

2)  After  the  geometry  of  a blade  is  generated,  NASTRAN  normal  mode  analysis  (Rigid  Format  #3)  is  used  to 
perform  the  static  natural  frequency  and  mode  shape  calculations  (no  rotational  stiffening  effect).  The 
eigenvalue  extraction  method  (Inverse  Power)  Is  selected  to  determine  the  roots  within  a frequency  range 
of  interest.  The  results  of  the  calculation  for  natural  frequencies  and  modes  are  examined  for  design  use. 

31  The  effect  of  rotational  (inertia)  stiffenir^  on  the  natural  frequencies  and  mode  shapes  of  a rotating  blade 
must  be  considered  in  the  analysis.  This  is  achieved,  within  the  NASTRAN  program,  by  introducing  the 
preload  stiffening  effects  (''differential  stiffness'*  terms)  into  the  free-mode  calculations  (Reference  1). 
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4)  Temperature  variations  in  a blade  will  affect  the  structural  stiffness  and  therefore  the  eigenvalue  solutic 

Temperature  distribution  is  reflected  by  material  property  changes,  so  the  effect  of  temperature  gradier 

can  then  be  accounted  for  In  the  normal  mode  analysis  with  or  without  rotational  stiffening  effect. 

5)  The  calculated  eigenvectors  from  the  previous  analyses  may  be  utilized  as  input  data  to  the  related  mo 

of  the  NASTRAN  program  for  a forced  response  analysis.  An  example  of  such  an  application  is  the 

N AST  RAN  transient  analysis  using  the  modal  formulation  method. 

DESCRIPTION  OF  NASTRAN  BLADE  MODEL  GENERATOR 

A computer  program  to  automate  a blade  structural  model  has  been  provided  as  the  NASTRAN  preproces 
The  model  generator  provides  a punchout  or  a printout  or  both  for  all  necessary  definitions  in  a form  suitable  1 
NASTRAN  bulk  data  input  (Reference  2).  This  input  includes  the  GRID  space  coordinates,  CTRIA2  definition 
PTRIA2  properties.  MPC  constraint  conditions,  etc. 

The  program  takes  a blade  geometry  defined  by  a set  of  aerodynamic  flow  streamlines  and  the  associated 
blade  profiles  (airfoils)  to  form  a NASTRAN  finite  element  model.  The  model  grid*point  pattern  follows  the 
streamline  flows  or  the  curved  boundaries,  or  both,  of  the  structure.  The  object  of  the  model  design  is  to  ob^i 
an  accurate  blade  model  definition  and  to  minimize  the  bandwidth  of  the  gridwork  for  best  computing  efficien< 
Finite  elements  with  nearly  equilateral  triangles  are  formed  by  interconnecting  the  grid  points.  This  interconne> 
tion  represents  the  middle  surface  of  the  curved  blade,  which  has  a rectangular  XYZ*coordinate  system  referred 
the  axial,  tangential,  and  radial  directions  of  the  rotating  machine.  The  calculation  procedure  for  finite  elemeni 
presentation  involves  the  following: 

The  program, 

1)  Determines  the  camberline  of  a blade  section  given  on  a nonplanar  surface. 

2)  Divides  the  camber>line  and  the  blade  length  into  segments  according  to  an  input  percent  value. 

3)  Calculates  the  cross-sectional  thickness  at  each  grid  point  location,  starting  at  the  leading  edge  and  termin 
ing  at  the  trailing  edge. 

4)  Interconnects  the  grid  points  between  the  two  adjace;  t blade  sections  to  form  finite  elements  with  nearly 
equilateral  triangles,  starting  from  the  tip  and  ending  at  the  hub. 

5)  Transfers  the  initial  vertical  axis  of  a section  to  be  coinciuent  with  the  blade  stacking  line  forming  a rec- 
tangular XYZ-coordinate  system  referred  to  the  axial,  tangential,  and  radial  direction  of  a rotor. 

6)  Deletes  the  rotational  degree  of  freedom  normal  to  the  blade  surface  by  defining  multiple-point-constrainl 
(MPC)  conditions  at  each  grid  point.  This  constraint  will  eliminate  the  grid-point  singularities. 

As  a demonstration  related  to  the  above  calculation  procedure.  Figure  1 shows:  a)  a typical  airfoil  turbi 
blade  section,  b)  the  composite  view  of  the  airfoil  profiles,  and  c)  the  two-dimensional  blade  model  plotted 
by  the  generator. 
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Another  example  shown  in  Figure  2 is  an  undeformed  compressor  blade  model  with  a streamline  grid-point 
)attern.  This  figure  was  generated  by  the  NASTRAN  program  in  orthographic  projection  with  the  use  of  the 
;4ASTRAN  preprocessor. 


RESULTS 


Normal  Mode  Analysis 


i 


NASTRAN  normal  mode  analysis  (Rigid  Format  #3)  was  performed  to  determine  the  natural  frequencies 
and  modes  of  both  compressor  and  turbine  blades  of  representative  confic  •'ations.  The  blades  analyzed 
are  variable  in  geometry  and  are  assumed  cantilevered  at  their  root  fixity  with  compiete  boundary  single^ 
point  constraints. 

A)  Compressor  Blade  Example 

A compressor  blade  whose  characteristics  are  a wide  chord  and  thin  section  geometry  (Figure  3) 
was  chosen  to  demonstrate  the  NASTRAN  calculations.  This  full-size  blade  has  an  approximate 
geometry  as  follows:  aspect  ratio  * 1.75  (blade  length/chord  length  at  tip),  twisting  angle  = 

31  degrees  (at  the  tip),  and  the  maximum  thickness  taper  ratio  = 0.35  (tip/hub).  Table  1 pre- 
sents a summary  of  vibration  data  obtained  from:  t|  NASTRAN  (using  finite  plate  elements), 

2)  lumped  mass  vibration  program  analysis  (using  beam  theory.  Reference  3),  and  3)  shaker 
test  of  the  actual  blade. 

Figures  3 and  4 show  the  resonant  frequencies  and  nodal  patterns  (zero  deflection  lines)  deter- 
mined by  the  shaker  test  while  using  a stroboscope,  hand-held  vibration  pickup,  and  oscilloscope. 

The  corresponding  NASTRAN  orthographic  projections  of  the  undeformed  and  deformed  models 
are  shown  in  Figures  5 and  6. 

6)  Turbine  Blade  Example 

A shaker  test  was  conducted  with  a power  turbine  blade,  in  a manner  similar  to  the  test  with  the 
compressor  blade,  to  determine  the  resonant  frequencies  and  vibration  modes  of  a 10X  size  cast- 
aluminum  model.  The  measured  data  were  then  used  to  confirm  those  from  the  NASTRAN  analysis 
for  the  actual  engine  blade  size  by  applying  an  equivalent  scale  factor. 

The  test  model  on  its  shaker  mounting  and  the  NASTRAN  model  generated  by  the  preprocessor 
are  shown  in  Figures  7 and  8.  respectively. 


Table  2 represents  the  results  (natural  frequencies  and  mode  shapes)  obtained  from  NASTRAN  as 
well  as  by  measurements. 

Blade  Rotational  Stif  ming  (^Icuiatlons 


The  present  NASTRAN  normal  mode  analysis  it  limited  to  nonrotating  structural  However,  the  effect  of 
rotational  stiffening  on  the  natural  frequencies  of  a rotating  blade  can  be  included  by  using  the  program's 
OMAP  (Direct  Matrix  Abstraction  Program)  feature.  This  objective  is  achieved  by  altering  the  ortgtral  com- 
putational sequences  so  that  the  terms  of  the  "differential  stiffness"  can  be  combined  with  the  structural 
stiffness  matrices  (Rsferences  1 and  4). 
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The  effect  of  rotational  stiffening  in  the  rotational  field  of  a compressor  blade  (Figure  3)  has  been  demonstrai 
ed.  The  frequency  Increase  with  respect  to  rotational  speed  are  plotted  on  an  excitation  diagram  (Figure  9). 
This  data  is  compared  with  the  corresponding  data  computed  by  an  In-house  vibration  program,  which  emplov 
the  ''transfer  matrix"  technique  applied  to  a lumped  parameter  model  of  the  beam. 

3)  Blade  Modal  Transient  Response 

The  performance  of  the  NASTRAN  modal  transient  response  (Rigid  Format  #12)  was  investigated  with  the 
use  of  the  existing  compressor  blade  model  (Figure  5).  The  program's  general  functions  were  demonstrated 
by  several  computer  runs  with  simplified  dynamic  loadings,  so  that  the  tirr«  dependent  forced  responses  of 
a blade  may  be  studied  in  plots  of  displacement,  velocity,  and  stress  versus  time.  One  of  such  plots,  illustrat- 
ing transient  motion  resulting  from  an  arbitrary  loading  and  damping,  is  shown  in  Figure  10  as  an  example. 

4)  Blade  Thermal  Variation  Effect 

The  combined  effect  of  high-temperature  gradients  associated  with  rotational  speed  fields  on  the  dynamic 
characteristics  of  a turbine  blade  must  be  analyzed.  The  steady-state  thermal  variations  within  the  structure 
will  be  reflected  by  material  property  changes  from  element  to  element  By  superposing  the  thermal  and 
centrifugal  influences,  the  simulation  of  engine  operating  environments  for  a turbine  blade  can  be  accompiishet 
No  numerical  example  is  presented  here. 

DISCUSSION  OF  RESULTS 

1)  From  the  results  summarized  in  Table  1,  the  NASTRAN  finite  element  method  has  proved  to  be  superior  in 
accuracy  to  the  vibration  program  employing  beam  theory.  The  use  of  a conventional  beam  element  to 
idealize  a blade  structure  will  result  in  two  inherent  restrictions  related  to  the  beam  theory:  1)  neglecting 
warping  displacements  (i.e.,  plane  sections  remain  plane),  and  2)  assuming  no  chordwise  flexibility  (i.e.,  each 
section  retains  its  cross-sectional  shape).  The  exclusion  of  warping  constraints  has  significantly  decreased  the 
torsional  rigidity,  and  therefore  the  torsional  frequencies,  of  the  beams.  For  the  compressor  blade  analyzed, 
deviations  of  29  and  30  percent  compared  with  NASTRAN  were  found  for  the  first  and  second  torsional 
frequency  respectively.  However,  a torsional  frequency  increase  of  more  than  100  percent  has  been  reported 
In  thin-walled  beams  with  open  cross  sections  due  to  the  inclusion  of  the  warping  effect  (Reference  5). 

The  second  restriction  (above),  assuming  no  cross-sectional  deformation  of  the  beam  elements,  introduces 
considerable  errors  in  bending  modes  of  higher  order.  The  errors  are  particularly  high  for  the  blades  with  I 
low  aspect  ratio  and  thin  cross  section,  where  the  blade  chordwise  deformations  must  not  be  neglected.  | 

I 

2)  The  overall  correlation  between  the  laboratory  measurements  and  NASTRAN  normal  mode  analysis  has  been  1 
reasonably  good,  especially  in  the  case  of  compressor  blades,  and  for  the  frequencies  of  lower  model  De-  - 
viatlon  of  results  attributed  to  mechanical  tolerancei  methods  of  measurement,  and  thickness  approximation  ^ 
in  model  idealization  may  be  expected.  One  of  the  significant  differences  is  the  turbine  blade  mode  No.  4 
(Table  2),  which  has  not  been  identified  by  the  NASTRAN  in  the  search  of  eigenvalue  solutions  (Inverse 
Power  Method).  However,  since  test  modes  4 and  5 show  small  distinction  between  their  nodal  patterns, 

it  suggests  that  the  additional  laboratory  confirmations  are  desirable  before  any  conclusions  may  be  made  re- 
garding the  missing  mode. 


3)  In  the  excitation  diagram  (Figure  9).  the  rotational  stiffening  effects  obtained  from  the  beam  element  model 
and  the  plate  element  model  (NASTRAN)  are  compared.  To  simplify  the  comparisons,  however,  the  bend- 
ing frequency  curves  (dashed)  generated  by  the  beam  program  are  assumed  to  be  coincident  with  NASTRAN 
data  at  the  zero  speed  so  that  the  trend  of  frequency  increases  predicted  by  both  programs  can  be  compared 
directly.  The  NASTRAN-computed  points  at  12,000  and  20,000  rpm  show  a reasonable  relation  with  the 
results  from  the  beam  program.  Variation  exists  in  the  second  blade  bending  mode;  in  this  case  NASTRAN 
indicates  a smaller  frequency  gain.  The  difference  could  be  attributed  to  the  coupling  effect  between  the 
NASTRAN  second  bending  and  first  torsion  modes  because  of  their  closeness  in  frequency.  In  addition,  the 
centrifugal  stiffening  effect  on  torsional  modes  has  also  been  predicted  by  NASTRAN  (neglected  in  the  beam 
program  because  of  lack  of  elastic  axis  information),  although  the  percentages  of  increase  are  relatively  smaller. 

The  natural  frequencies  are  observed  to  increase  as  the  product  (rotational  speed)^  (disk  radius)  increases 
since  centrifugal  force  is  a stiffening  influence.  However,  the  amplitude  of  frequency  increase  is  also  a 
function  of  blade  aspect  ratio  and  blade  setting  angle  (Reference  6).  The  present  study  does  not  have 
sufficient  data  to  evaluate  these  individual  parameters,  but  it  is  felt  that  the  plate  finite  element  method 
will  reflect  the  similar  trend  as  experienced  by  the  beam  theory  for  these  parameters. 

4)  In  the  forced  response  plot  (Figure  10),  the  blade  is  acted  on  by  an  external  harmonic  force  (arbitrary  ampli- 
tude) having  a frequency  of  60  Hz  which  is  8.8  times  as  slow  as  the  first  mode  of  the  blade  (529  Hz).  The 
cosine  function  periodic  force  is  applied  at  a grid  point  on  the  leading  edge  in  X-direction.  The  predicted 
transient  response  is  constructed  for  a selected  point  on  the  tip.  As  shown  in  the  plot,  the  total  response 

at  any  instant  between  0 and  0.022  seconds  consists  of  the  damped  free  vibration  superposed  on  the  forced 
motion.  The  displacement  of  the  free  vibration  will,  after  a short  time,  disappear  due  to  damping  <;;ffect. 

Only  the  forced  motion  may  continue.  The  higher  frequency  (529  Hz)  appearing  in  the  response  corresponds 
to  the  first  mode  of  the  blade.  Two  lowest  natural  modes  were  introduced  into  the  modal  formulation 
transient  response  analysis. 


CONCLUDING  REMARKS 

The  automated  blade  geometry  generator  has  significantly  simplified  the  data  preparation  effort  for  the  NASTRAN 
program.  However,  due  to  the  generalized  nature  of  this  program  (Level  12.0),  the  computing  efficiency  associated 
with  eigenvalue  extraction  is  low  so  that  its  use  is  costly. 

NASTRAN  finite  element  modeling  using  a plate  element  has  provided  an  effective  mean:  fo''  predicting  blade  vib- 
rationi  This  conclusion  is  based  on  a comparison  of  results  obtained  from  the  NASTRAN  program  with  experi- 
mental results  and  clatticai  theory. 
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Table  2.TURBINE  BUDE  VIBRATION  DATA  COMPARISONS 
NATURAL  FREQUENCY  AND  MODES 


I. 


SHAKER  TEST-TURBINE 
BLADE  MODEL  (10  x SIZE) 


MODE  SHAPE 


NASTRAN  RESULTS 
ENGINE  BLADE  (1  x SIZE) 


MODE 

NO. 

1 


8 


NATURAL  FREQUENCY.  Hz* 


MODE  SHAPE 


3.800 


7.940 


9010 


12610 


14620 


16320 


23.990 


24  500 


3850 


7700 


9.420 


14,180 


16760 


21890 


23.510 


REMARKS 


Test  Frequency  Was 
Adjusted  to 
Compensate  Model 
Root  Radius  Variation 


NASTRAN  Does  Not 
Yield  this  Mode 


*The  Listed  Model  Blade  (10  x Size)  Frequencies  Are  in  Terms  of  the  EquivalenI 
Actual  Engine  Blade  at  Room  Ten;peratiire 
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Figure  2.-  Example  of  NASTRAN  undeformed  compressor  blade  model 
generated  by  using  the  blade  model  generator. 
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frequencies  and  nodal  patterns  (modes  4,  5,  and  6). 


Figure  6.-  NASTRAN  model  — wide-chord  compressor -blade -measured 
natural  frequencies  and  mode  shapes  (modes  3,  4,  and  5). 


NATURAL  FREQUENCY,  Hz 


O NASTRAN  POINT 


Static  Bending  Natural  Frequencies 
Calculated  by  Beam  Program  Are 

Assumed  to  Be  Coincided  with  BEAM  PROGRAM 

NASTRAN  Data  at  Zero  rpm 


Figure  9.-  Excitation  diagram  of  the  wide-chord  compressor  blade 
showing  the  rotational  stiffening  effects. 
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MOTION  AT  GRID  POINT  #3 
X-DISPLACEMENT  CM 


TIME-DEPENDENT  DYNAMIC  LOAD 

= {Ajk)(T)®e^*  cos(2<rfkt  + 0,^),  o < t < t2k  -tik 


FOR  B = C = ^k  = 0 A 

(Pj''(t))  = (Ajk}cos  (2trfkT) 


INPUT 

L 

Ajk  = 10 

t = 0-~.022sec  /"N  t 

I fk  - 60  Hz  ,'1 

1 1 f i 

1 I i K 

k Damped  Free  k . ' 

“^Wibration  Blade  ~ l \ 

1 1st  Mode  ill 

(529  Hz)  n \ 

L_l . J 

1 L 

1 VI 

T- 

11  / 

> 

\ 

1 V 

1 

i 

Input  Forced  Motion. 
I I (60  Hz)  I 


.8  1.2  1.6 

TIME.  SECOND 


2.0  2.4  X 10 


Figure  10.-  Example  uf  starting  transient  of  the  wide -chord 

compressor  blade. 
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A NASTRAN  DMAP  ALTER  FOR  DETERMINING  A LOCAL 
STIFFNESS  MODIFICATION  TO  OBTAIN  A SPECIFIED  EIGENVALUE 

By  William  R»  Case,  Jr, 

NASA  Goddard  Space  Flight  Center 


SUMMARY 


This  paper  describes  a technique,  which  has  been  programmed 
IS  a DMAP  Alter  to  Rigid  Format  3,  for  determining  a stiffness 
aatrix  modification  to  obtain  a specified  eigenvalue  for  a 
structure.  The  stiffness  matrix  modifications  allowable  are 
:hose  that  can  be  described  as  the  product  of  a single  scalar 
variable  and  a matrix  of  constant  coefficients  input  by  the  user. 
Phe  program  solves  for  the  scalar  variable  multiplier  which  will 
,rield  a specified  eigenvalue  for  the  complete  structure  (pro- 
vided it  exists) , makes  the  modification  to  the  stiffness  matrix, 
md  proceeds  in  Rigid  Format  3 to  obtain  the  eigenvalues  and 
jigenvectors  of  the  modified  structure. 


INTRODUCTION 


The  motivation  for  devising  a technique  for  determining  a 
Local  stiffness  modification  to  obtain  a specified  eigenvalue 
stemmed  from  several  launch  loads  analyses  performed  at  the 
Soddard  Space  Flight  Center  in  which  these  analyses  were  updated 
ising  data  from  hardmount  spacecraft  vibration  tests . Quite 
3ften,  spacecraft  are  attached  to  their  launch  vehicle  via  a 
4armon  type  clamp  band.  Generally,  the  clamp  band  attaches 
the  spacecraft  to  an  adapter  section  which  in  turn  is  bolted  to 
the  launch  vehicle.  However,  the  stiffness  of  the  clamp  band  is 
aften  not  known  well  enough  to  make  an  accurate  analytical  pre- 
diction of  the  fundamental  mode  of  the  spacecraft  adapter  struc- 
ture when  cantilevered  from  the  base  of  the  adapter,  as  it  is  in 
the  spacecraft  vibration  tests.  Thus,  the  original  launch  loads 
analyses  are  updated  to  reflect  these  discrepancies  once  the 
modes  of  the  spacecraft-adapter  structure  have  been  measured  in 
tests . 


preceding  page  blank  not  filmed 
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Updating  any  finite  element  model  to  agree  with  modal  data 
obtained  from  tests  usually  requires  a trial  and  error  process 
in  which  some  local  stiffness  is  adjusted  until  the  fundamental 
mode  of  the  model  agrees  with  the  test  data.  However,  if  a value 
for  the  local  stiffness  exists  which  will  give  the  finite  element 
model  the  measured  eigenvalue,  then  this  stiffness  can  be  found 
analytically , 

The  DMAP  Alter  presented  computes  the  value  of  the  stiffness 
(or  stiffness  change)  and  adds  this  to  the  original  stiffness 
matrix  for  the  finite  element  model.  The  program  then  proceeds 
in  Rigid  Format  3 to  compute  the  remaining  eigenvalues  and 
eigenvectors  for  the  finite  element  model. 


THEORETICAL  DESCRIPTION 


In  real  eigenvalue  analysis,  NASTRAN  solves  for  the  eigen- 
values and  eigenvectors  for  the  analysis ,^or  Ug)  degrees  of 
freedom  from 


t>'aa  - ‘"a’  " ® 

The  stiffness  matrix  for  the  Ug  degrees  of  freedom  is  obtained 
from  the  original  Ug  degrees  of  freedom  through  the  application 
of  constraints  and  Guyan  reduction.  The  stiffness  matrix  Kgg 
for  the  Ug  degrees  of  freedom  can  be  considered  to  be  the  sum 
of  two  matrices 


+ AK 


gg 


(2) 


where  K__  contains  the  stiffnesses  for  the  finite  element  model 

yy© 

which  will  not  be  modified  and  contains  all  of  those  stiff- 

nesses that  will  be  modified.  The  modification  technique  des- 
cribed in  this  paper  is  one  in  which  the  stiffnesses  to  be 
modified  are  all  proportional  to  some  scalar  variable,  which  will 
be  denoted  as  3 , Thus,  ^Kgg  can  be  written  as 


4 
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gg 


(3) 


piK 


where  are  the  values  of  the^AKgg  coefficients  per  unit  value 

of  the  scalar  vari'ble  g.  The  K matrix  could  represent,  for 
example,  the  portion  of  the  f initi^eleiuent  model  represented  by 
several  beam  elements  of  the  same  cross  section  whose  moment  of 
inertia  we  wanted  to  vary.  In  this  case,  ? would  be  the  moment 
of  inertia  of  those  beams  and  k'  would  be  the  stiffness 
coefficients  for  these  beams  per^Qnit  moment  of  inertia. 

In  general,  ^Kgg  can  be  any  portion  of  the  finite  element 
model  whose  stiffness  coefficients  vary  proportionally  to  some 
known  variable.  This  variable  could  not,  therefore,  be  the 
thickness  of  plate  elements  since  the  bending  stiffness  varies 
as  the  cube  of  the  thickness  while  the  transverse  shear  and 
membrane  stiffnesses  vary  with  the  first  power  of  the  thickness. 
If,  however,  the  plates  were  pure  bending  plates  (no  membrane  or 
transverse  shear),  then  all  of  the  stiffness  coefficients  would 
vary  with  the  cube  of  the  thickness  and  we  would  be  able  to 
express  the  stiffness  of  those  plate  elements  by  an  equation  of 
the  type  in  equation  (3)  where  3 could  be  taken  as  the  cube  of 
the  thickness  or  the  bending  rigidity  D. 

Thus,  considering  only  those  applications  in  which  the 
stiffness  matrix  for  a portion  of  the  structure  can  be  represented 
as  in  equation  (3)  where  3 is  a single  scalar  variable,  the 
stiffness  matrix  for  the  complete  structure  (eq.  (2))  becomes 


I 


(4) 


The  stiffness  matrix  in  equation  (4)  can  be  reduced  to  the 
analysis  set  of  degrees  of  freedom  U3  through  the  application 
of  multi  and  single  point  constraints  and  through  the  Guyan 
reduction  of  the  omitted  points  as  mentioned  above.  The  only 
restriction  in  the  DMAP  Alter  presented  herein  is  that  the 
degrees  of  freedom  that  have  stiffnesses  that  will  be  modified 
are  not  allowed  to  belong  to  the  ”0“  set  (omitted  coordinates)  . 
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Following  the  normal  procedures  for  reducing  from  the  to 
the  U degrees  of  freedom  (with  the  restrictions  mentioned  afiove) , 
the  eigenvalue  problem  as  stated  in  equation  (1)  can  be  written 
as 


+ PK 


aa 


xm  ] 

aa'' 


(u  ) 


= 0 


(5) 


The  problem  is  to  find  a value  of  3 that  will  result  in  one 
of  the  eigenvalues  (usually  the  first  nonzero  eigenvalue)  attain- 
ing a specified  value*  say  Setting  X equal  to  the  specified 

value  X^  in  equation  (5)  results  in  the  equation 


P 

L 


l^aa 


) + PK 


{U  } = 0 

O 


(6) 


In  order  for  there  to  be  a nontrivial  solution  to  equation 
(6) * the  determinant  of  the  coefficient  matrix  must  vanish  , This 
will  result  in  a polynomial  in  @ equal  to  zero,  that  is. 


P(e)  = 0 


Thus,  the  solution  for  the  value  of  @ that  will  provide  a 
specified  eigenvalue  (provided  such  value  of  ^ exists)  may  be 
obtained  by  solving  an  eigenvalue  problem,  using  equation  (6) , 
for  3 . This  can  be  readily  accomplished  in  NASTRAN  using  the 
module  READ  by  inputting  to  READ  the  matrix  (K  - X^M  ) as 

d 3 • 3 3 

the  "stiffness"  matrix  and  the  matrix  as  the  "mass"  matrix. 

The  resulting  "eigenvalue"  found  by  READ  will  be  the  value  of  ^ 
that  will  provide  the  stiffness  modification  necessary  for  the 
structure  to  have  the  real  eigenvalue  X^. 

It  should  be  pointed  out  that  there  is  no  guarantee  that  the 
process  will  always  work.  There  may  be  no  modification  of  the 
portion  of  the  structure  we  are  attempting  to  modify  that  will 
result  in  the  specified  eigenvalue  X^.  However,  the  analyst 
can  often  tell,  by  comparison  of  his  original  finite  element 
modes  with  those  obtained  fr<xn  tests,  what  portion  of  the  model 
appears  to  be  too  stiff  or  too  flexible.  In  these  instances, 
the  procedure  outlined  in  this  paper  for  determining  the  stiffness 
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Modification  should  relieve  the  analyst  of  the  burden  of  making 
hrbitrary  changes  in  the  stiffnesses  and  solving  repeated  eigen- 
value problems  until  the  model  agrees  with  the  test.  Since  the 
f:echnique  outlined  is  one  in  which  a stiffness  change  is  deter- 
mined which  will  provide  one  eigenvalue  equal  to  a specified 
Value,  it  appears  that  it  will  be  most  useful  when  there  is 
llisagreement  between  the  original  model  and  test  results  in  a 
<'!undamental  mode.  It  should  also  be  mentioned  that  the  stiff- 
ness change,  while  providing  a specified  fundamental  mode,  will 
obviously  yield  higher  modes  different  from  those  obtained  from 
;he  original  or  unmodified  finite  element  model.  There  is  no 
^arantee  that  these  new  higher  modes  will  agree  any  better  with 
'".he  test  modes  than  those  from  the  original  model. 

i 

I INPUT  TO  THE  PROGRAM 


j The  data  deck  required  to  make  a run  to  modify  part  of  the 
Structure  and  obtain  the  resulting  eigenvalues  will  be  discussed 
|.n  teinns  of  changes  to  a normal  deck  for  Rigid  Format  3,  real 
feigenvalue  analysis. 


Case  Control  Deck 

Two  subcases  are  required.  In  the  first  subcase,  a METH0D 
:ard  selects  an  EIGB  bulk  data  card  which  will  be  used  for  the 
ligenvalue  extraction  for  ^ . 

The  second  subcase  contains  the  normal  case  control  cards 
:hat  the  user  would  have  in  any  Rigid  Format  3 run  including  a 
1ETH0D  card  which  selects  the  EI6R  bulk  data  card  for  the  real 
ligenvalues  X • The  result  of  this  subcase  will  be  the  normal 
eal  eigenva  .ue  analysis  output  with  one  of  the  modes  equal  to 
:he  specified  eigenvalue  (to  be  specified  in  the  Bulk  Data  Deck) . 


Bulk  Data  Deck 

. Input  of  the  normal  finite  element  model  of  the  structure 
which  would  be  used  in  a real  eigenvalue  analysis.  From 
this  finite  elonent  model  the  stiffness  matrix  will  be 

built  by  NASTRAN.  This  could  be  the  identical  car^s  used  to 
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describe  the  structure  if  an  original  modal  analysis  had 
been  performed  and  the  user  were  now  rerunning  it  to  modify 
part  of  the  structure.  In  this  case,  the  value  of  3 deter- 
mined in  the  current  run  would  be  the  change  in  stiffness 
of  the  modified  part  of  the  structure . Included  in  these 
cards,  of  coviree,  is  the  EIGR  card  requested  by  subcase  2 
which  will  find  all  desired  modes  subsequent  to  the  modi- 
fication. 

2 . DMIG  input  of  K ' 

gg 

3.  EIGB  card  requested  by  subcase  1 for  finding  the  "eigenvalue" 
p • The  normalization  for  the  eigenvector  roust  be  MASS. 

If  the  scalar  variable  multiplier  of  K gg  is,  for  example, 
the  moment  of  inertia  of  some  of  the  beam  elements,  then 
the  search  range  should  be  the  range  over  which  the  user 
expects  the  change  in  this  variable  to  lie  (change  with 
respect  to  the  value  that  is  in  the  finite  element  model 
in  item  1)  . 

4.  A PARAM  bulk  data  card  with  parameter  name  » FREQ  and  value 
equal  to  the  frequency  (in  Hz)  of  the  mode  the  user  wishes 
to  specify. 


DMAP  ALTER  DESCRIPTION 


Appendix  A lists  the  DMAP  Alters  to  Rigid  Format  3,  Level 
15.1.0,  required  to  solve  for  the  stiffness  modification,  to  as- 
semble the  new  stiffness  matrix,  and  to  proceed  in  Rigid  Format  3 
to  obtain  all  of  the  desired  eigenvalues  and  eigenvectors  of  the 
modified  system.  Several  of  the  Alter  statements  are  discussed 
in  the  appendix  to  clarify  their  function.  In  general,  all 
the  DMAP  modules  used  but  on<^  are  standard  I^lAP  modules  de- 
scribed in  the  NASTRAN  User's  or  Programner' s Manuals.  The  module 
SCALAR,  however,  is  a new  module  written  and  added  to  NASTRAN  at 
the  Goddard  Space  Flight  Center  and  will  be  an  available  DMAP 
module  in  level  16  when  it  is  released.  Basically,  this  is  a 
module  that  accepts  matrices  as  input  and  will  output  one 
coefficient  of  the  matrix  as  a NASTRAN  complex,  single  or  double 
precision  parameter  that  can  be  used,  for  example,  in  the  DMAP 
module  ADD  to  multiply  other  matrices  by.  This  was  needed  since 
the  only  way  the  scalar  value  of  5 could  be  obtained  as  data  that 
could  be  used  in  subsequent  DMAP  statements  was  in  the  matrix 


27** 


^ » 


iy.  KHHK  output  from  module  GKAM  following  the  eigenvalue  extraction 
for  0.  The  module  SCALAR  was  used  to  extract  p from  KHHK,  The 
W matrix  KHHK  is  the  "modal  stiffness"  matrix  found  from  the 
£l'  eigenvalue  run  to  obtain  0.  If  the  normalization  on  the  EIGB 
p*  bulk  data  card  requests  normalization  to  unit  modal  mass,  then 
Id-  the  coefficient  in  KHHK  will  be  0 , 


SAMPLE  problems 


L 


Using  the  DMAP  Alter  program,  two  sample  problems  have  been 
run.  Figure  1 shows  a beam  finite  element  model  of  the  UK-5 
spacecraft  and  adapter  to  be  flown  on  the  Scout  vehicl?.  The 
spacecraft  and  adapter  are  attached  via  a Marmon  clamp,  which 
in  this  finite  element  model  is  modeled  as  a scalar  spring.  In 
the  original  analysis,  the  model  contained  no  scalar  spring 
element  for  the  clamp  band  and  the  adapter  and  spacecraft  were 
assumed  rigidly  connected.  The  fundamental  bending  mode 
obtained  from  this  finite  element  model  was  43  Hz.  Subsequent 
tests  of  the  system  indicated  that  the  first  mode  was  at  33  Hz 
and  that  the  Marmon  clamp  did  not  appear  "infinitely"  stiff. 
Thus,  the  model  was  modified  by  including  a spring  between  the 
^adapter  and  spacecraft.  The  second  run,  made  to  determine  the 
value  that  the  spring  should  have  to  obtain  a 33  Hz  Ixrst 
bending  mode  contained  the  following  changes: 


removal  of  the  MPC  rigid  constraint  at  the  adapter/spacecraft 
interface  that  was  used  in  the  original  analysis  to  Simula r.e 
zero  bending  flexibility  at  that  joint 


addition  of  IMIG  matrix  input  of  a scalar  spring  stiffness 
matrix  per  unit  value  of  stiffness: 

To  0...  0 0...01 


0 0 . . . I -1  ...  0 
0 0 ...  -1  1 ...  0 


0 0 


0 0 


where  the  nonzero  values  correspond  to  the  zows  and  columns 
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represented  by  the  grid  points  and  rotational  degrees  of 
freedom  to  which  the  scalar  spring  connects 

3 . EIGB  bulk  data  card  to  find  (3  is  k^  in  this  problem) 
with  eigenvector  normalization  to  MASS* 

4.  PARAM  FREQ  bulk  data  card  with  value  33  Hz  (complex  single 
precision) 

The  data  deck  for  this  run  is  listed  in  Appendix  B.  The 
output  from  subcase  1 gave  the  value  of  kg  needed  to  obtain  a 
33  Hz  first  bending  mode,  namely,  4.3  x 10^  N/m  (24.5  x 10^  Ib/in) . 
Subcase  2 then  was  executed  to  obtain  the  eigenvalues  and  eigen- 
vectors for  the  system  with  this  spring  in  the  model.  The 
resulting  eigenvalues  were  a 33  Hz  first  mode  with  the  second 
mode  changing,  in  this  case,  by  only  a few  percent  from  that 
obtained  from  the  original  model. 

Figure  2 shows  another  problem  run  using  the  DMAP  Alter. 

In  this  case,  the  structure  is  a stiffened  plate  simply  supported 
on  all  four  sides.  The  plate  is  stiffened  with  an  I-beam  whose 
area  and  offset  distance  are  specified  but  whose  moment  of  inertia 
(about  the  beam  centroidal  axis)  may  be  varied.  The  problem  is 
to  determine  the  moment  of  inertia  of  the  beam  that  will  give  a 
40  Hz  first  symmetric  bending  mode  of  the  structure.  The  struc- 
ture was  modeled  with  a 5x5  mesh  of  grid  points  equally  spaced  in 
one  quadrant  of  the  plate.  The  DMIG  matrix  K'gg  in  this  problem 
consisted  of  the  stiffness  of  the  beams  (due  to  the  bending  moment 
of  inertia  only)  for  all  of  the  grid  points  to  which  the  beams 
Were  attached.  The  Bulk  Data  input  for  the  finite  element  model 
consisted  of  the  normal  input  for  such  a structure  but  with  zero 
bending  inertia  for  the  beams  (the  area  and  offset  distance  were 
input  on  the  GEAR  cards)  . The  first  subcase  solved  for  the 
moment  of  inertia  of  the  beams  that  would  result  in  a 40  Hz  first 
symmetric  bending  mode  of  the  structure.  This  was  determined  as 
855.8  cm^  (20.56  in^) . Subcase  2 then  proceeded  to  obtain  the 
eigenvalues  and  eigenvectors  of  the  modified  system  and  it  was 
determined  that  the  first  mode  was  at  40  Hz. 
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APPENDIX  A 


OMAP  ALTER  FOR  DETERMINING  LOCAL  STIFFNESS  CHANGE 
TO  OBTAIN  A SPECIFIED  EIGENVALUE 
<RIGIO  FORMAT  3) 


1 

ALTER  45 

2 

MTRXIN 

•MATPOOLtEQEXINtSILt/DKGGPtf/V*N*LUSET/V» 
CfNf0/C»N»0  $ 

3 

SAVE 

NODKP  S 

A 

MATGPR 

GPLfUSET*SIL*OKGGP//CtN#G/f',N*G  $ 

5 

ALTER  48 

6 

EQUIV 

DKGGPtOKNNP/MPCFl  $ 

7 

alter  58 

8 

MCE2 

USETtGMtDKGGPt»»/OKNNPt»«  $ 

9 

ALTER  61 

10 

EQUIV 

DKNNP*DKFFP/SINGLE  $ 

11 

ALTER  64 

12 

UPARTN 

USET*OKNNP/OKFFP*  * */CfNtN/CtN*F/CtNf S $ 

13 

ALTER  67 

lA 

EQUIV 

OKFFPfDKAAP/OMiT  S 

15 

ALTER  70 

16 

UPARTN 

USETfOKFFP/OKAAPt**/C»N*F/C*N*A/C»NfO  S 

17 

ALTER  75i 

76 

18 

ADD 

MAAt/MAAl/CtY*FREQ  S 

19 

ADD 

MAAlt/MAA2/C*Y»FREQ  $ 

20 

ADO 

MAA2«KAA/OAA/CfN*  (39,47842»0«0>/CfNt  (-U0 

21 

OPO 

DYNAHICS»GPL»SIL*USET/GPLO»SlLO«USETOt  t • t 

lEEOt 

EaOYN/V*NfLUSET/V*N*LUSeTO/V#NtN0TFL/V*N*N00LT/ 
V#NtNOPSDL/V*N*NOFRL/V»N*NONLFT/V*N»NOTRL/ 
VtN»NOEED/CtNf l23/V*N»N0Ue  $ 
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22 

SAVE 

NOEEO  $ 

23 

CONO 

£RK0R2tN0EE0  S 

24 

CHKPNT 

EEO  S 

25 

READ 

OAA*OKAAP***EEOtUSET*CASECC/LAMAK»Pr<IAK*MlK*OEIGSK/ 
C*N*BOCKLING/V»Nf NEI6VK/Cf N* 1 % 

26 

SAVE 

NEIGV  S 

27 

OFP 

LAM/.K♦OEI6SK***t//V♦^^^CARONOK  S 

28 

SAVE 

CARONOK  S 

29 

GKAH 

* PH I AK  * M I K t L AM AK • * • « • CASECC/MHHK  * ♦ KHHK i PH I OHK / 
C#N*-l/C*N*l/CfYtLFREaaO,0/CtY*HFREQ=0,0/C«N*-l/ 
C*N*-l/C*N#-l/V*NfNOCUP/V»N*FMOOE  4 

30 

SCALAR 

KHMK//C*Ntl/C*M»l/VtNtBETA  S 

31 

SAVE 

BETA  S 

32 

ADO 

DKAAPtKAA/KAAT/VtNfBETA  i 

33 

COND 

L8L6.REACT  $ 

34 

RBHGl 

USET«KAATfHAA/KLL»KLR*KRR*MLL«MLR*HRR  S 

35 

ALTER 

85  #90 

36 

READ 

KAAT*MAA#MR#OM#£EDtUSET#CASECC/LAMA»PHIA»MI*OEIGS/ 
C»NiM00ES/V#N*N£I6V/C*N#2  $' 

37 

SAVE 

NEIGV  S 

38 

CASE 

CASECC#/CASEX2/CtN*TRAN/V#NfH£PEATTs2/V#N#N0L00P  $ 

39 

ALTER 

105*105 

40 

S0R2 

CAS£X2tCSTH*HPT#0XT#EQEXlN#SlL*«#BGP0P«LAMA>QG# 
PHIQ#ESTf^#OO6i#0PHlr##OESl#OEFl#PPHlG/C«N*REIG  $ 

41 

alter 

o 

o 

42 

PLOT 

PLTPAR#GPSETS#ELSETS#CASEX2*BGP0T#£0EXIN»SIP##PPHIG/ 
PLOTX2/V#N#NS1L/V#N#I.USET/V#N*JUMPPLOT/V#N#PlTFLG/ 
V#NiPFILE  % 

43 
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ENOALTER 


DESCRIPTION  OP  DMAP  ALTER  STATEMENTS 


5-16. 


18-20 


25. 


MTRXIN  reads  DMIG  cards  which  contain  the  coefficients 
of  the  K gg  matrix  input  by  the  user.  These  are  the 
stiffness^coef ficients  (for  the  portion  of  the  structure 
which  will  be  modified)  per  unit  value  of  the  parameter 
that  they  vary  with.  These  can  easily  be  determined  by 
running  Rigid  Format  1,  up  through  GP4,  with  the  bulk 
data  containing  all  grid  points,  coordinate  systems,  and 
elements  for  the  portion  of  the  model  to  be  modified. 


These  Alters  perfoimi  the  reduction  on  the  K matrix 
at  the  same  location  in  Rigid  Format  3 that  fne  reduc- 
tions are  performed  on  the  stiffness  matrix  for  the 
remainder  of  the  structure  (K„_  ) . 


Formulate  the  matrix  K _ - X.,M  using  the  input  parameter 

iSa  1 aa 

FREQ  which  is  FREQ  = — . That  is,  FREQ  is  the  fre- 

quency in  Hz  of  the  mode  we  are  specifying  the  eigenvalue 
for . 


Solve  an  eigenvalue  problem  for  ^ using  the  buckling 
option  in  READ.  The  resulting  "modal  stiffness"  matrix, 
KHHK,  which  will  be  output  from  module  GKAM,  will  contain 
P on  the  diagonal  since  the  eigenvector  normalization  on 
the  EIGB  bulk  data  card  is  a normalization  on  unit  modal 
mass . 


29.  GKAM  outputs  the  matrix  KEIHK. 

30.  SCALAR  (discussed  above)  extracts  a value  from  KHHK  and 
outputs  it  aa  a parameter  (BETA) . 

32.  ADD  formulates  the  total  stiffness  K,,  + Pk'  _. 

36*  READ  extracts  the  eigenvalues  and  eigenvector  of  the 
modified  system,  one  of  which  will  be  the  specified 
eigenvalue  X^. 
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APPENDIX  6 


CASE  CONTROL  AND  BULK  DATA  DECKS  FOR  UK-5  S/C  - ADAPTER  STIFFNESS  MODIFICAT 


TITLE  = UK5  SPACECRAFT  AND  EH  SECTION 
SUBTITLE  = cantilevered  MODE  SHAPES  ILATERAL) 

LABEL  = STIFFNESS  CALCULATION  FOR  CLAMP  BAND  FOR  33  HZ  FIRST  BENDING 
ECHO  = UNSORT 
MPC  = 52 
SUBCASE  1 
METHOD  = I 
SUBCASE  2 
METHOD  = 2 
OUTPUT 

VECTOR  = ALL 
ELFORCE  = ALL 
SPCF  = ALL 
BEGIN  BULK 

S 

S LATERAL  MODES 


S 

GRDSET 

BAROR 


0. 


EI6B 

1 

INV 

5.^6 

5.^7 

1 

♦ElGl 

MASS 

EIGR 

2 

INV 

25. 

400. 

3 

♦EI62 

Max 

PARAM 

G«0PNT 

0 

PAR  AM 

MTMASS 

.002591 

S EH  SECTION 

GRID 

501 

47.77 

0. 

0« 

GRID 

502 

44. 

0. 

0. 

GRID 

503 

40. 

0. 

0. 

GRID 

504 

37.27 

0. 

0« 

CBAR 

5001 

5001 

502 

501 

CBAR 

5002 

5002 

503 

502 

CBAR 

5003 

5003 

504 

503 

PBAR 

5001 

5001 

2.634 

94.4 

94.4 

PBAR 

5002 

5001 

2.138 

59.5 

59.S 

PBAR 

5003 

5001 

1.710 

29.2 

29.2 

♦B50U 

♦B5021 

♦85031 

♦85012 

.185 

.185 

♦B5022 

.185 

.185 

♦85032 

.185 

.185 

HATl 

5001 

!.♦? 

1.^7 

• 3 

S CONSTRAIN  S/C  - ADAPTER  INTERFACE  GRID  POINTS 
S SAME  EXCEPT  IN  ROTATIONAL  DEGREE  OF  FREEDOM 

S 

MPC 


MPC 


51 

52 


504 

504 


1 

2 


UO 

1*0 


601 

601 


1345 

1.  0. 

I 

3 


123456 


72.6  .989 
45.8  .989 
22.4  .989 


TO  BE  the 


1 -1.0 

2 -1.0 


1 

1.-4 

1.-4 


♦EIG 

♦EIG 


♦850 

♦850 

♦850 

♦850, 

♦850 

♦850 


t 
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% UK5  SPACECttAFT 


<1.  . 

' V :• 


M **** 

{GRID 

601 

37*27 

0.0  0.0 

GRID 

6C2 

33.77 

0.0 

GRIO 

603 

30.27 

0.0 

^GRIO 

604 

26,77 

0.0 

GRID 

605 

23,27 

0.0 

}GRIO 

606 

19,77 

0.0 

GRID 

607 

16.27 

0.0 

loRiD 

608 

12.77 

0.0 

IGRIO 

609 

10,27 

0.0 

iCBAR 

6001 

6001 

602 

601 

’C6AR 

6002 

6002 

603 

602 

CBAR 

6003 

6003 

604 

603 

C6AR 

6004 

6004 

60S 

604 

CBAR 

6005 

6005 

606 

60S 

CBAR 

6006 

6006 

607 

606 

CBAR 

6007 

6007 

60S 

607 

iCBAR 

6008 

6008 

609 

608 

(P6AR 

6001 

6001 

3.062 

37.05 

7.297 

♦66011 

Ipbar 

6002 

6001 

3.441 

44.87 

4.072 

♦66021 

iPBAR 

6003 

6001 

3.525 

64. 

8.861 

♦B6031 

jPBAR 

6004 

6001 

3.225 

89.1 

10.609 

♦66041 

!PBAR 

6005 

6001 

3.075 

118.5 

13.492 

♦B6051 

iPBAR 

6006 

6001 

3.165 

156.5 

10.616 

♦86061 

iPBAR 

6007 

' 6001 

3.505 

199.5 

7.328 

♦86071 

jPBAR 

6008 

6001 

3.965 

238.6 

25.31 

♦66081 

♦B6011 

♦B6021 

«66031 

♦B6041 

*B6051 

♦B6061 

♦B6071 

«B6081 

♦86012  .1907 

♦B6022  .1697 

♦B6032  .lSa9 
♦B6042  .1591 

♦B60S2  .1515 

♦B6062  .1349 

.1207 
.1067 


♦66072 

♦B6082 

MATl 

0MI6 

OHIO 

OHIO 

♦OKI 

♦0K2 

PARAH 

CNOOATA 


6001 

OKGGP 

OKGGP 

OKGGP 

601 

601 

FREQ 


l.^7 

0 

504 

601 

6 

6 

33. 


l.*7 

6 

6 

6 

-1.0 

1.0 

0. 


.3 

1 


2 

504 

504 


♦B6012 

♦B6022 

♦B6032 

♦B60A2 

♦86052 

♦86062 

♦B6072 

♦86082 


6 

6 


1.0 

-l.O 


♦OKI 

♦0K2 


■5» 


§ 


GRID  POINTS 


ADAPTER  UK- 5 SPACECRAFT 


THEORETICAL  MODE  SHA 

FOR  k.:4.3XI0d  N/M 

(24.5X10®  LB/IN, 
f = 33HZ 

THEORETICAL  MODF  SHA 

FOR  k,  (X) 
f = 43HZ 

O MODE  SHAPE  FROM 
UK-5/A0APTER  VIBRATI 
TESTS 
f S33HZ 


Figure  1.-  Clamp-band  stiffness  modification  to  obtain  55  Hz  first 
bending  mode  for  the  UK-J  spacecraft  and  adapter. 


282 


PLATE 


SIMPLY  SUPPORTED 


ALL  4 SIDES 


A*A 


5.08  CM 
(2.0  IN.) 


r- PLATE  THICKNESS^  5.08  CM 
-*■  (2.0  IN.) 

T (STEEL) 


BEAM  AREA  : 8.87  CM^  (STEEL) 
(1.375  IN.*) 


Figure  2.-  Stiffener  El  modification  to  obtain  Hz  first 
mode  for  the  siinply  supported  stiffened  plate. 
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NASTRAN  MULTIPARTITIONING  AND  "ONE-SHOT"  SUBSTRUCTURING 

By  Alvin  Levy 

Grumman  Aerospace  Corporation,  Bethpage,  New  York 


SUMMARY 

For  intermediate  size  problems  where  all  the  data  is  acces- 
»le,  the  present  method  of  subs true taring  in  three  separate  phases 
>r  static  analysis)  is  unneccessarily  cumbersome.  The  versa- 
.ity  of  NASTRAN' s DMAP  and  internal  logic  lends  itself  to  find- 
; a practical  alternative  to  these  procedures  whereby  self- 
stained  special-purpose  ALTER  packages  can  be  written  to  be  run 
ione  pass.  Two  examples  are  presented  here  under  the  titles  of 
i.tipartitioning  and  "one-shot"  sub  structuring.  The  flow  of 
ptipartitioning  resembles  that  of  the  present  three-phase  sub- 
ructuring.  The  basic  effect  is  to  partition  the  structure 
fo  substructures  and  operate  on  each  substructure  separately. 

Ls  can  be  used  to  reduce  the  bandwidth  of  a given  problem  as 
.1  as  to  store  information  which  will  allow  a change  to  be  made 
one  of  the  substructures  in  a later  run.  This  latter  pro- 
iure  is  carried  out  in  a second  program  titled  "one-shot"  sub- 
ructuring. 


INTRODUCTION 

At  present,  in  order  to  use  NASTRAN  subs true taring  for  a 
itlc  analysis,  the  user  must  perform  a three-phase  analysis  on 
3 structure  as  discussed  in  reference  1.  In  Phase  I,  the  stiff- 
ss  and  load  matrices  are  computed  and  saved  for  each  subs true - 
re.  This  requires  a separate  computer  run  for  each  subs true - 
re.  Phase  II  merges  the  reduced  matrices  from  Phase  I and 
nputes  the  substructure  boundary  (a -set)  displacements.  This 
quires  the  Input  of  one  tape  for  each  substructure,  an  ALTER 
ckage  to  suit  the  given  problem,  and  user-generated  partition 
ctors  or  multipoint  constraints.  In  Phase  III,  each  substruc- 
re  is  restarted  by  using  as  input  the  a -set  displacements  computed 
Phase  II  and  Phase  III  gives  as  output  the  final  solution.  Once 
ain,  this  procedure  requires  a separate  run  for  each  substructure. 


PRECEDING  PAGE  BLANK  NOT  FILMED 
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One  of  the  useful  applications  of  sub structuring  is  to 
allow  the  user  to  make  changes  to  one  or  more  of  the  substruc- 
tures and  regenerate  solutions  with  a minimum  of  man  and  machine 
effort.  This  application  requires  the  user  to  execute  one  Phase  I 
run  for  each  substructure  change,  one  Phase  II  run,  and  as  many 
Phase  III  runs  as  there  are  total  substructures. 

Some  of  the  practical  difficulties  encountered  at  present 
are  summarized  as  follows  : 

1)  Each  phase  must  be  run  consecutively  and  this  increases 
the  real-time  requirements. 

2)  For  Phases  I and  III  each  substructure  must  be  run 
independently.  This  increases  the  cost, 

3)  The  user  must  take  care  in  handling  the  tapes  and 
restart  dictionaries  used  in  the  various  phases. 

4)  For  Phase  II,  the  user  must  write  a DMAP  ALTER  to 
suit  the  given  problem.  This  requires  taking  into 
account  the  number  of  substructures  involved.  The 
user  must  also  input  a partition  vector  for  each 
substructure. 

5)  If  a substructure  is  changed  and  the  problem  rerun, 
the  three  phases  must  be  run  consecutively  once 
again. 

For  many  large-scale  problems  encountered,  especially  where 
information  is  gathered  at  different  locations,  this  procedure 
will  be  practical,  but  for  many  cases  of  Intermediate  and  large 
size  problems  where  all  the  data  is  accessible  and  fits  within 
the  storage  capacity  of  the  computer,  this  procedure  seems  un- 
necessarily cunibersome. 

A practical  alternative  to  these  procedures  Is  to  write 
special  purpose  programs  through  the  use  of  DKAP  ALTER  packages, 
each  suitable  for  a given  need  and  each  self  contained  in  one 
program  to  be  run  In  one  pass.  Examples  of  this  are  presented  in 
the  present  paper  and  are  titled  multipart It lonlng  and  "one-shot" 
substinicturlng.  T..ese  procedures  contain  the  following  features: 
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1)  Only  DMAP  ALTER  statements  ere  involved  so  that  no 
additional  capabilities  need  be  included  in  NASTKAN, 
although  some  are  suggested  in  order  to  make  the  methods 
more  effi  \^ent  and  flexible » 

2)  The  complete  subs true turing  (multipartitioning)  analy- 
sis can  be  carried  out  in  one  run, 

.3)  If  a change  is  made  in  one  of  the  substructures  the 

program  only  requires  as  input  the  changed  substructure 
and  again  gives  a complete  analysis  of  the  entire  struc- 
ture in  one  run, 

4)  The  rules  for  setting  up  the  program  for  a given  problem 
do  not  require  the  user  to  make  any  changes  in  the  DMAP 
ALTER  pacl^ge  • 

5)  The  need  for  partition  vectors  has  been  eliminated, 

6)  The  instructions  to  be  followed  for  generating  the  re- 
quired Case  Control  and  Bulk  Data  Decks  are  simple, 

7)  There  is  a minimum  of  tape  handling  and  no  restart 
dictionaries  required. 

At  present  the  ALTER  packages  presented  here  for  static  analy- 
is  carry  the  limitation  that  when  making  changes  to  a given  sub- 
tructure  for  a follow-up  substructure  analysis , the  elements  ad- 
acent  to  the  boundary  points  (a -set)  must  be  unchanged  in  stiff- 
less  because  the  contribution  due  to  these  elements  cannot  be 
istinguished  in  forming  [K_^].  (See  fig.  1.) 

MULTIPARTITIONING  AND  ONE-SHOT  SUBSTRUCTURING 

The  program  flows  for  multlpartltionlng  and  one-shot  sub- 
tructurlng  are  given  In  figure  1 and  the  specific  DMAP  ALTER 
ackages  are  given  In  figures  2 and  3.  In  the  multlpartltionlng 
ackage  the  entire  data  for  a complete  structure  is  given  as  in- 
t,  along  with  the  a -set  points  used  to  partition  the  structure 
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and  the  grid  points  which  are  contained  in  each  substructure.  The  pro- 
gram then  partitions  the  stiffness  matrix  by  isolating  each  partitioned 
substructure.  The  individual  substructures  are  then  operated  on  sepa- 
rately as  if  the  boundary  degrees  of  freedom  (a-set  degrees  of  freedom) 
are  completely  fixed.  The  interaction  effects  are  then  summed  and  the 
a-set  points  are  solved  for.  This  information  is  then  passed  back  to 
each  substructure  and  the  solution  for  each  substructure  is  carried  out. 

It  can  be  seen  that  this  method  follows  the  normal  procedure  of  sub- 
structuring  without  having  to  form  partition  vectors  for  each  substruc- 
ture. The  overall  effect  is  to  partition  the  stiffness  matri  x as  would 
normally  be  done  by  using  the  partitioning  (ASET  or  OMIT)  feature, 
but  the  name  multipartitioning  comes  from  the  similarity  between  the 
present  method  and  the  method  of  partitioning  coupled  with  resequencing 
of  nodes  which  results  in  a reduction  of  the  bandw.dth.  A demcastration 
of  this  method  is  shown  in  figure  4.  Figure  4(a)  represe  .ts  a finite - 
element  idealization  where  the  nodes  are  numbered  to  produce  the  mini- 
mum bandwidth.  The  idealization  is  partitioned  into  two  sections  as 
shown.  Figure  4(b)  represents  the  initial  structure  before  partitioning 
and  figure  4(c)  after  partitioning.  The  bandwidth  has  been  reduced  from 
7 (assuming  one  degree  of  freedom  per  node)  to  6.  II  we  use  the  methods 
of  multipartitioning  the  two  subdivisions  are  treated  separately;  thus,  the 
bandwidth  is  reduced  to  4 as  shown  in  figure  4(d).  This  reduction  could 
also  be  accomplished  by  usii.g  the  method  of  partitiomng  (fig.  4(c))  along 
with  reordering  the  nodv.«  as  sho'^M  in  figure  4(d). 

We  can  now  make  a 'l.anjje.  \.i  one  of  the  substructures  and  repeat 
the  uialysis.  Only  the  d?.l.'i  for  ihe  changed  substructure  is  required, 
along  with  the  stored  inf  jrn.atiou  (on  tape)  of  the  old  complete  structure. 
Required  calculations  for  the  new  structure  are  carried  out  (see  fig.  1) 
and  the  complete  analysis  of  all  the  substructures  proceeds  as  before. 

USER  PROCEDURES 

The  user  procedures  will  be  given  by  lonstration.  Figure  5(a) 
represents  a structure  to  be  analyzed  by  the  present  mechods.  The 
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structure  is  subdivided  into  three  substructures  and  we  are  interested  ..  . 

; two  different  loading  conditions.  The  three  substructures  are  shown  in 
figure  5(b).  (An  intern>ediate  solution  for  the  three  substructures  fixed  at 
^ the  a-set  points  is  included  in  the  ALTER  package.) 

The  Executive  Control  Deck  contains  the  multipartitioning  ALTER 
i package  (fig.  2).  The  Case  Control  Deck  and  Bulk  Data  Deck  are  shown  in 
I figure  6.  The  Bulk  Data  Deck  wi.l  be  discussed  first.  The  elements,  grid 
points,  loads,  and  property  cards  are  as  usual.  The  ASET  card  defines  the 
' boundary  points  of  the  substructures.  The  boundary  conditions  (simply 
supported  in  this  case)  are  placed  on  the  gric  point  identifications  (for 
' simplicity).  All  the  grid  points  not  included  in  the  a-set  are  placed  on 
SPC  cards  as  follows:  those  contained  in  substructure  i are  placed  in 

i 

I SPC  set  number  100  + i (see  SPC  and  SPCl  cards)  and  then  added  together 
so  that  SPC  sot  j contains  all  points  not  in  substructure  j ^see  SPCADD 
cards).  This  method  is  used  in  the  program  to  partition  out  each  substruc- 
. ture.  One  auxiliary  device  must  be  mounted  (INPT)  for  the  multipariitioning 
: program.  If  information  is  to  be  retained  for  subsequent  use  (e.g.,  to  change 
I one  of  the  substructures)  then  three  additional  tapes  must  be  mounted  (^NP3, 
INP4,  and  INP5),  and  a parameter  TAPE=1  must  be  defined.  (See  PARAM 
card.)  With  a slight  modification  to  the  DMAP  ALTER  packages,  this  can 
be  reduced  to  one  additional  tape.  The  Case  Control  Deck  first  defines  sets 
corresponding  to  the  nodes  and  elements  contained  within  each  substructure. 
If  these  sets  are  omitted,  the  output  for  a given  substructure  will  contain  null 
values  for  quantities  cor  ..'Sponding  to  nodes  and  elements  not  contained  in 
the  given  substructure  but  contained  in  the  total  substructure.  The  subcase 
definitions  are  as  follows:  the  first  digit  refers  to  the  substructure  and  the 
second  digit  corresponds  to  the  load  case  (e.g.,  SUBCASE  31  corresponds  to 
substructure  3 load  case  1).  The  subcase  sequence  is  as  shown,  i.e.,  each 
subcase  is  defined  as  many  times  as  there  are  loading  conditions,  where  the 
number  of  subcases  must  be  the  same  for  each  substructure.  The  subcase 
numbering  system  is  only  suggested  as  a mnemonic  to  be  used  for  ordering 
I the  r^ubcases  correct! 

j Figure  5(c)  represents  a ch'  .'.ge  in  geometry  of  substructure  2. 

Any  change  can  be  made  (geometry,  material  properties)  so  long  as 
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the  elements  adjacent  to  the  a-set  points  remain  unchanged  in  stiffness. 

The  Executive  Control  Deck  now  contains  the  one-shot  substructuring  ALTER 
package  (fig.  3).  The  Bulk  Data  Deck  contains  only  the  new  substructure  and 
load  conditions  along  with  the  a-set  points  for  the  complete  structure  (fig.  7). 
The  ASET  card  must  contain  the  same  number  of  degrees  of  freedom  as  in 
the  original  multipartitioning  run  and  the  a-set  points  contained  in  the 
changed  substructure  must  occupy  the  same  relative  position  aji  before.  For 
this  purpose  fictitious  grid  points  (or  scalar  points)  must  be  defined  and  con- 
strained on  SPC  cards.  Two  parameters  are  defined  in  the  Bulk  Data  Deck. 
NUMSUB  is  set  equal  to  the  total  number  of  substructures  and  SUB?^UM  is 
set  equrJ  to  the  number  of  the  substructure  to  be  changed.  The  Case  Control 
Deck  contains  one  subca  . e for  each  load  condition  and  the  number  of  load 
conditions  must  be  the  same  as  in  the  original  multipartitionlng  run. 

CONCLUDING  REMARKS 

It  nas  been  shown  that  using  NASTRAN’s  DMAP  capabilities  one  can 
write  AL'fER  packages  to  handle  special  cases  of  rubstructuring  to  be  run  in 
a single  pass,  without  the  use  of  new  modules.  These  programs  result  in  a 
saving  of  computer  cost  and  real  time  as  well  as  lessening  the  chance  of 
error  due  to  data  handling.  However,  greater  versatility  could  be  obtained 
if  some  additional  capabilities  were  included  in  the  NASTRAN  program. 

These  capabilities  include  set  definitions  for  elements,  grid  points^  and 
a-set  (and  o-set)  degrees  of  freedom. 

In  connection  with  "partitioning''  methods  a recent  publication  (ref.  2) 
should  be  of  interest. 
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ALTER  l«l 

BEGIN  NO*X  STATIC  ANALYSIS-SERIES  MX-MULT IPART ITIONING  $ 

alter  50 

PARAM  //C*NfNOP/V*N#Pl»-l 
PARAM  //C#N»N0O/VfN*TRUE«-l  S 
PARAM  //C*N*NOP/VtYfTAPE*-l  S 
% INITIALIZE  TAPE  - WRITE  LABEL  AND  REWIND 
OUTPUTX*  •••*//C*N«-l/CtNfO/CtNfTPO  f 
CONO  TPNOltTAPE 

$ INFORMATION  TO  BE  SAVED  FOR  SUBSEQUENT  RUNS-  IF  NOT  DESIRED  SET 

$ TAPE»-l  ON  PARAM  BUL<  DATA  CARO 

OUTPUTlf  t**»//C*N»-l/C*N*3/C«N#TP3  S 

OUTPUTl*  f »t»//C*N*-X/C»N»A/CfN.TPA  S 

OUTPUTX*  f t**//CtN*-X/C*N«S/r#NtTPS  S 

LABEL  TPNOl 

ALTER  5A 

$ FORM  PARTITION  VECTOR  G(L*COMP) 

VEC  USET/V/CtN.G/C.NfL/C»N*COMP  % 

CHKPNT  V $ 

S FORM  PARTITION  VECTOR  F(L*C0MP) 

VEC  USFT/VFLC/CfN*F/CfN*L/CfN*COMP  S 
CHKPNT  VFLC  S 
PRTPARM  //CtNtO  $ 

ALTER  75 

% PARTITION  OUT  L-SET 

% L-SET  IS  SAME  FOR  ALL  SUBSTRUCTURES 

UFARTN  liSETtKFF/KLLB*fKAO*/CtN*F/C*N*A/CtN«0  S 

CHKPNT  KLLBfKAO  S 

ALTER  nu 

JUMP  LBL7  $ 

ALTER  94 

PARAM  //C*N»SUa/V»N*NULL/C*N#-X/VfNfPX  S 
CONO  LBLNXfNULL 

% INITIALIZE  KLLT  TO  NULL  • FIRST  PASS  ONLY 
ADD  KLLt/KLLT/C«N«(O«0fO»O)  S 
CHKPNT  KLLT  $ 

COND  TPN02*TAPE 

OUTPUTl  KLLBtif t//C«NftO/C«N*3  $ 

LABEL  TPN02 
(.ABEL  LBLNl 
CONO  TPN03*TAPE 

OUTPUTl  KAO*GO*tf//  CfN#0/CiN»3  $ 

LABEL  TPN03 

ADD  KLLfKLLT/KLLX/  % 

CHKPNT  KLLX  S 

EOUIV  KLLX#KLLT/TRUE  S 

CHKPNT  KLLT  % 

CONO  LBLSAfPl  S 

$ SUBTRACT  KLLB  -ROM  KLLT  EACH  PASS  AFTER  THE  FIRST 
% FIRST  PASS  GIVES  TOTAL  CONTRIBUTION  OF  KLLB 
1 SINCE  L-SET  IS  SAME  FOR  ALL  SUBSTRUCTURES 
ADD  KLLT«KLLB/KLLXX/CtNf (l*OfO«0)/C«Nt(«X*0«0«0)  % 

CHKPNT  KLLXX  S 

EOUlV  KLLXX tKLLT/TRuE  S 

CHKPNT  KLLT  % 

LABEL  L8L5A 
ALTER  96 

$ PARTITION  OUT  L-SET 
% L-SET  is  same  for  all  SUBSTRUCTURES 
PARTN  PGoV/PL8«M/CiN«l/CftNt2/C«Nt2  S 
CHKPNT  PCB  % 

ALTER  lOOtlOl 

SS62  USET«GM»YS»KFS»QOf fPG/*PO«PS«PL  $ 

CHKPNT  POtPSiPL  % 


Figure  2,-  DMAP  ALTER  package  for  multlpartitioning. 
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ALTER  102 
CONO  LBLN2fNULL 

S INITIALIZE  RLT  TO  NULL*  FIRST  PASS  ONLY 
ADD  PL*/PLT/C*N*(0.0«0*Ot  S 
CHAPNT  PLT  $ 

CONO  TPNOL*TAPE 

OUTPUTl  PL8****//C«NtO/CtN*A  S 
LABEL  TPNOA 
LABEL  LBLN2 
TRNSP  GO/GOT  $ 

CONO  TPN05»TAPE 

OUTPUTl  GOT*PO*t*//CtN*0/C*N*A  S 

LABEL  TPN09 

ADD  PL«PLT/PLX/  % 

CHKPNT  PLX  S 
EOUIV  PLXiPLT/TRUE  % 

CHXPNT  PLT  % 

CONO  LBLlOAtPl  • 

S SUBTRACT  PLB  FROM  PLT  EACH  PASS  AFTER  THE  FIRST 
S FIRST  PASS  GIVES  TOTAL  CONTRIBUTION  OF  PLB 
S SINCE  L«SET  IS  SAME  FOR  ALL  SUBSTRUCTURES 
ADD  PLT»PLB/PLXX/CtN*(l«0»0>OI/C*N*(-l>0«0.0)  S 
CHKPNT  PLXX  % 

EOUIV  PLXXtPLT/TRUE  S 
CHKPNT  PLT  S 
LABEL  LBLIOA 
FBS  LOOtUOOiPO/UOOV  S 
CHKPNT  UOOV  $ 

MATPRN  UOOV»PO*..//S 

MATGPR  GPL*USET«SIL«U00V//C*N*0  s 

MATGPR  GPLtUSET*SlL*P0//C»N»0  % 

ALTER  ICStlll 

PARAM  //C*N«A0D/V*N*P1/V«N*P1/C*N(1  S 
OUTPUTl  USET(UOOV*OO*PG>//CtN»0/C*N*O  S 
ALTER  118 

SOLVE  KLLT*PLT/ULLB/C*Mtl  % 

CHKPNT  ULLB  8 

MATPRN  ULLBtPLTtKLLTtt  //  S 
PARAM  //C*N»N0P/V*N«NSK1P1«1  S 
INPUTTl  /••••/C*N*-3/CtN«0/C*N«SUB 
LABEL  LBLllO 

INPUTTl  /USETl*UOOVltGOA«PCl*/C*N*0/CtNtO  % 

SORl  USETl*PGl*ULLB*UOOVl»tGOA««*i«/UGVtPGG«/V*N«NSKIPl/C»N«STATICS  S 
CHKPNT  UGVtPGG  $ 

MATPRN  UGViPGG***//  t 

PARAM  //CiN»AOO/V*NtNSKIPl/V*N*NSKIPl/C«Ntl  S 
PARAM  //C*N»SUB/V»NtPl/V»N.Pl/C»N*l  $ 

COND  LBLSOtPl  S 
REPT  LBLllOilOO  S 
JUMP  ERRORl  $ 

LABEL  LBL80  % 

PARAM  //C»N»NOT/V*N»TESTl/V»N»Pl  S 
COND  ERRORSfTESTl  S 

SDR2  CA$ECC*CSTM*MPT**EOEXtN*SlL*«EDTtBGPOT>PGG««UGV«EST</OPGl**OuGvl» 
OESliOEPlt/CtNiSTATICS  8 
OFP  OP61*OUOVl*OESltOEFl*t//V»N«CARONO  8 
SAVE  CARDNO  8 
PRTPARM  //CtN.p  8 
CONO  TPN09«TAPE 

OUTPUTl  CASECC«CSTM*MPT«EOEXlN«SlL//CiN*0/CtNtS  8 

OUTPUTl  EDT«BGP0T«P66«EST«//CtN*0/C*Mi5  8 

INPUTTl  /.»n/C»N»-3/CfN.3/C*N»TPJ  8 

INPUTTl  /•«i*/CtNf3/CiNiA/C*N*TPA  8 

INPUTTl  /i»t«/CtN*-3/C>N*9/C*N«TP5  8 

LABEL  TPN09 

ALTER  119*126 

ENDALTER 


Figure  2 . - Concluded. 
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ALTER  111 

BE6!'4  NO.l  STATIC  ANALYSIS-SERIES  MI-ONE  SHOT  SUBSTRUCTURING  $ 

ALTER  90 

PARAM  //C*N*N0P/V*N*P1»-X 
PARAM  //C*N*NOP/VtNtTRUE*-l  S 

» SU8NUM  « NO. OF  SUBSTRUCTURE  TO  BE  CHANGED *OrFAuLT»-X  CORR.  TO  NO  CHANGE 
% NUMSUB  ■ NO.  OF  SUBSTRUCTURES  - ONLY  USED  IF  SUBNUM  POSITIVE 
PARAM  //C*N«NOP/VtY.SUBNUM»«l  S 
PARAM  //C*N*NOO/V»Y.NUMSUB«X  $ 

PARAM  //C»N«SUB/V»N.NUMSl/V«Y.NUMSUB/CiN.X  i 
PARAM  //CtN«SU8/V>N»SueX/C*N«X/V«Y.SUBNUM  % 

PARAM  //C*>4.N0T/V*N.0UTP/V.Y*SUBNUM  S 
ALTER  5A 

S FORM  PARTITION  VECTOR  GCLtCOMPl 
VEC  USET/V/C*N»G/C.N»L/C»N,COMP  S 
CHKPNT  V S 

% FORM  PARTITION  VECTOR  F(LtCOMP) 

VEC  USET/VFLC/C»N»F/C«N»L/C*N.COMP  $ 

CHKPNT  VFLC  * 

PRTPARM  //CtNtO  $ 

ALTER  79 

S PARTITION  OUT  u-SET 

S L-SET  IS  SAME  FOR  ALL  SUBSTRUCTURES 

UPARTN  USET«KFF/KLLB*»KAO*/C.N*F/C»N*A/CtN«0  S 

CHKPNT  KLLBtKAO  S 

ALTER  BA 

JUMP  LBLT  $ 

ALTER  96 

S PARTITION  OUT  L-SET 
S L-SET  IS  SAME  FOR  ALL  SUBSTRUCTURES 
PARTN  PG**V/PLB»»*/C*N*X/C*N.2/C»N.2  S 
CHKPNT  PL6  S 
ALTER  XOOaOX 

SSG2  USET»GM»VS.KFStGOt*PG/tPOiPStPL  S 
CHKPNT  PO.PS*PL  S 
ALTER  X02 

FBS  LOO*UOO*PO/UOOV  S 
CHKPNT  UOOV  $ 

MATPRN  UOOV*PO»*t//S 

MATGPR  CPL»USET«SlL«UOOV//C*NtO  % 

MATGPR  0PL*USET.SIL»P0//C*N»0  t 
ALTER  X03«m 

PARAM  //C*N.AOO/V*N»PX/VtN»PX/C*N»X  * 

ALTER  lie 

COND  LBOUT (SUBNUM  S 

PARAM  //C(N(SU6/V»N»P1/V(Y(NUMSUB  /C*N(I  * 

INPUTTl  /(..t/CtMt-S/CtN*)  $ 

INPUTTl  /((.(/CtNt-S/CtNtA  $ 

INPUTTl  /KLLB1«*(»/C«N«0/C(N(3  % 

INPUTTl  /PLBl»*(t/C»N(0/C(N(A  S 
ADD  KLLBl*/KLLT/  S 
ADD  PLBI*/PLT/  t 
LABEL  FMKPL  % 

COND  LBLSUBtSUBl  S 
MPYAD  KAO(60iKLLT/KLLTX2/C«N»0  S 
EOUIV  KLLTk2»KLLT/TRUE  S 
MPYAD  00«P0*PLT/PLTX2/C»N»l  S 
EOUlV  PLTX2»PLT/TRUE  S 

PARAM  //C«N(SUB/VtN»SUBl/V(N(SUBl/C«NtlOO  S 
9 SKIP  UNWANTED  INFORMATION  OF  NON  CHANGED  SUBSTRUCTURES 
INPUTTl  /OUMl(OUM2(../C»N»0/C«Ni3  S 
INPUTTl  /DUM3«0UMA.M/C(N(0/CtNiA  % 

JUMP  LBlll  9 
LABEL  LBLSUB  9 

INPUTTl  /RA0l(G0l(*(/C»N<0/C(N«3  9 
INPUTTl  /GOTl»POl>(t/C(N«0/C(N«A  9 


Figure  3.-  DMA?  ALTER  package  for  one-shot  substructuring. 
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MPYAR  KA01*GOl«<tLT/tCLLTX3/C*N.O  » 

EOUIV  KLLTX3*KtLT/TftUE  $ 

MPYAO  GOn*POl*PL./PLTX3/C«N*0  $ 

EOUtV  PLTX3.PLT/TROE  $ 

PARAM  //C«N«ADO/V»NfSUBl/V»N«SUBl/C<N«l  % 

LABEL  LBUl  $ 

PARAM  //CfN«SUe/V»N«NUMSl/VtN<NUMSl/C«N< 1 $ 

CONO  LBOUTtNUMSl  $ 

REPT  FMXPLtlOO  $ 

LABEL  LBOUT  $ 

SOLVE  KLLT«PLT/ULLB/C»N«1  S 
CHKPNT  ULLB  S 

MATPRN  ULLB*PLT»KLLT>»  //  S 
PARAM  //C*NtNOP/V«NtNSKlPl«l  $ 

INPUm  /«»«>/C»N»-3/C«N«0/C«NtSUB  $ 

PARAM  //C»HfSUB/VfStSUBl/CtNtl/VtYtSVBNUM  S 
LABEL  LBLllO 

tNPOTTl  /USEn»UOOVl.GOA.PGl./C*NtO/CiNtO  S 
CONO  LBLNMtSUBl  S 
JUMP  LBLOO  S 
LABEL  LBLNM  S 

eOUtV  ULLBfULX2/TRUE/UOOVl«UOX2/TRUE/PGltPGX2/TRuE  I 
JUMP  LBLNO  S 
LABEL  LBLOO  S 

t CREATE  NULL  MATRICES  FOP  NON  CHANGED  SUBSTRUCTURES 
ADO  ULL6«/ULXl/C»Nt l-ItOiO.O)  $ 

ADD  ULLBiULXl/ULX2  $ 

ADO  UOOVlt/UOXl/C*N«(-UOtO>OI  S 
ADD  UOOVltUOXl/UOX2  / t 
ADD  PGI*/P6XI/C»N«<>1«0*0<OI  3 
ADD  P61*PGXl/PGX2/  $ 

PARAM  //C«N»ADO/V«NtNSKlPl/V(NiNSKIPI/CtNil  S 
PARAM  //CiNtSUB/V*N»SU61/ViNtSUei/C«NiI00  t 
LABEL  LBLNO  % 

SORl  USETl>PGX2iULX2>UOX2«iQOA««ii«/UGV«PGG«/V«NtNSXIPl/C«N*STATICS  % 
CHKPNT  UCVtPGG  $ 

MATPRN  UGVtPGG***/'/  S 

PARAM  //’CtNfAOO/VtNtNSRtPl/'VtNtNSKlPl/CiNd  S 
PARAM  //CtN»SUB/VtN«Pl/V«NtPl/CiN«l  S 
PARAM  //C«NtAOD/V*N»Suei/ViN*SU81/CiNtl  S 
CONO  LBL80*P1  * 

REPT  LBLllOtXOO  S 
JUMP  ERRORl  S 
LABEL  LBL80  t 

PARAM  //C*N«NOT/V»N«TESTl/V<NtPl  S 

CONO  ERRORStTESTl  S 

INPUTTl  /•t«t/C»N*-'3/C*N<S  $ 

INPUTTl  /CASECCl»MPTl»EQEXINXiSlLl<BGPOTl/LiNtO/C«N»S  S 
INPUTTl  /PG61«ESTl««t/C*NtO/C<N«S  $ 

SOR2  CA$ECCl*«MPTl»»EOEXINliSlLlt(<BGPDTl«PGG*tUGV«ESTl*/OPGll»f 
OUGVlltOeSlltOEFlli/CiNtSTATICS  S 
OFP  OP611*OUGVU»OESll«OEFll«<//V«NiCARONO  S 
SAVE  CARONO  S 

PARAM  //C*N*NOP/V«NtNSKlPA«l  S 

SORl  USETtPGtULLBtUOOVtfGOtidt/UGVNtPGNi/VtNtNSKlPA/CtNiSTATICS  S 
SOR2  CASECCtCSTMtMPT* (EOEXlN t SIL • lEOT iBGPOT  tPGN « tUGVN lEST » /OPGl t • 
OUGVl»OESl«OEFl»/C»NiSTATICS  S 
OFP  OPGl«OUGVltOESl»OEFlM//VtN<CARDNO  S 
SAVE  CARONO  8 
PRTPARM  //CtNtO  S 

INPUTTl  /«*»«/C*Nio3/C»N«l/CiN(TP3  8 
INPUTTl  /••••/C»Nf3/C«NiA/CiNiTPA  8 
INPUTTl  /•tti/C»Nf3/CiN«S/C«N«TP5  8 
ALTER  119»126 
ENOALTER 


Figure  3 . - 
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c)  Partitioned  matrix, 
bandwidth  ■ 6 . 


d)  Multipartitioned  matrix, 
bandwidth  <■  4. 


Figure  4.-  Example  of  multipartitioning  to  reduce  bandwidth. 
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simply  supported  beam  divided  Into  three  substructures. 
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TITLE-MULTIPARTITIONINQ 

SUBTITLE-BEAM  DIVIDED  INTO  THREE  SUBSTRUCTURES 

SET  1-1  thru  5 

SET  2-5  THRU  9 

SET  3-9  THRU  13 

SET  4-1  THRU  4 

SET  5-5  THRU  B 

SET  6-9  THRU  12 

DISP  - ALL 

STRESS  - ALL 

FORCE  • ALL 

OLOAD-ALL 

SUBCASE  11 

LABEL  - SUBSTRUCTURE  ONE*LOAD  ONE 
SPC  - 1 
OISP-1 
OLOAD-1 
STRESS-4 
FORCE-4 
SUBCASE  12 

LABEL  - SUBSTRUCTURE  ONE (LOAD  TWO 
SPC  - 1 
DISP-l 
OLOAD-1 
STRESS-4 
FORCE-4 
SUBCASE  21 

LABEL  • SUBSTRUCTURE  TWO*LOAD  ONE 
SPC  • 2 
LOAD  • 1 

OI5P-2 
OLOAO-2 
STRESS-5 
FORCE-S 
SUBCASE  22 

LABEL  ■ SUBSTRUCTURE  TWOiLOAD  TWO 
SPC  • 2 
LOAD  • 2 

D ISP-2 
OLOAD-2 
STRESS-5 
FORCE-5 
SUBCASE  SI 

LABEL  - SUBSTRUCTURE  THREE »LOAO  ONE 
SPC  • 3 
DISP-S 
OLOAD-S 
STRESS-5 
FORCE-S 
SUBCASE  S2 

LABEL  - SUBSTRUCTURE  THREE » LOAD  TWO 
SPC  - 3 
OISP-3 
OlOAO-3 
STRESS-5 
FCPCE-6 


Figure  6.-  Example  problem  Case  Control  and  Bulk  Data  Decks 
for  multlpartltlonlng. 
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Figure  6 Concluded  . 
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Figure  7.-  Example  problem  Case  Control  and  Bulk  Data  Decks 
for  one-shot  substructuring. 
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NORMAL  MODE  ANALYSIS  OF  A ROTATING  GROUP  OF 
LASHED  TURBINE  BLADES  Y SUBSTRUCTURES 
By  A.  W.  Filstrup 

Westinghouse  Research  and  Development  Center 


SUMMARY 


A group  of  5 lashed  Identical  steam  turbine  blades  is  studied  through  the 
use  of  single  level  substructuring  itsing  NASTRAN  Level  15.1.  An  altered 
version,  similar  to  DMA?  Program  Number  3 of  the  NASTRAN  Newsletter,  of  Rigid 
Format  13.0  was  used.  Steady-state  displacements  and  stresses  due  to 
centrifugal  loads  are  obtained  both  without  and  with  consideration  of 
differential  stiffness.  The  nonrial  mode  calculations  were  performed  for 
blades  at  rest  and  at  operating  speed.  Substructuring  lowered  the  computation 
costs  of  the  analysis  by  a factor  of  four. 


INTRODUCTION 


Triangular  plate  elements  have  been  used  by  Westinghouse  and  others  (see 
Ref.  1)  in  NASTRAN  to  analyze  rotating  turbine  blades. 

There  was  a need  to  analyze  a group  of  five  lashed  0.79-m  (31-lnch)  steam 
turbine  blades  for  operation  at  60  revolutions  per  second.  Steady-state 
displacements  and  stresses  were  needed  as  well  as  the  natural  frequencies,  mode 
shapes,  and  stress  patterns. 

Based  on  NASTRAN  calculations  on  a single  0.79-m  blade  with  associated 
lashing  wires,  it  was  decided  that  a finite  element  mesh  of  700  CTRIA2  elements 
and  407  grid  points  would  be  usud  to  represent  each  turbine  blade.  The  root 
flexibility  was  approximated  by  11  CELAS2  elements. 

It  was  discovered  that  /ipproximately  two  hundred  degrees  of  freedom  would 
be  required  in  the  a-set  for  each  blade  using  Guyan  reduction,  if  accurate 
stress  results  were  to  be  found  for  t'ne  modes  to  be  evaluated.  Whether  or  not 
Guyan  reduction  was  to  be  used  and  whether  the  inverse  power  or  Givens  method 
were  used  for  the  eigenvalue  extraction,  it  was  apparent  that  calculation  costs 
would  have  been  prohibitive  if  substructuring  were  not  used. 

This  pap  It:  describes  the  successful  substructuring  analysis  of  the  group 
of  blades.  Th»  steady-state  stresses  were  obtained  for  operation  at  60 
revolutions  per  second  and  the  natural  frequencies  were  obtained  for  the  first 
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nine  inodes  at  both  0 revolutions  per  second  and  at  60  revolutions  per  second. 


METHOD  OF  ANALYSIS 


The  finite  element  mesh  used  to  represent  a turbine  blade  or  substructure 
Is  shown  In  Fi^.  1.  The  middle  sections  of  the  lashing  wires  and  airfoil  are  si 
Each  lashing  wire  actually  resembles  u variable  thickness  plate  more  than  a win 
The  auxiliary  program  which  produces  these  plots  views  normal  to  the  middle 
surface  of  the  lashing  wire.  The  airfoil  Is  highly  twisted,  and  near  the  base 
it  Is  highly  curved.  No  one  viewing  angle  could  provide  a clear  representation 
of  element  layout.  Thus  the  auxiliary  program  which  produces  the  element 
geon^try  and  isostress  plots  opens  up  each  cross  section.  Different  scales  are 
used  for  the  lashing  wires  than  for  the  airfoil  in  figure  1. 

Each  blade  or  substructure  has  407  grid  points.  The  2442  degrees  of 
freedom  associated  with  these  points  are  reduced  through  single  point  constraint' 
and  omits  to  an  a-set  of  301  degrees  of  freedom.  One  hundred  twenty  of  rhese 
degrees  of  freedom  are  at  the  tips  of  the  lashing  wires  and  are  required  for 
connecting  adjacent  blades  or  substructures.  Sixty  degrees  of  freedom  are 
common  between  adjacent  blades. 

The  combined  matrices  for  the  group  of  five  blades  then  has  1505  less  four 
times  sixty  or  1265  degrees  of  freedom.  Single  point  constraints  to  remove 
rotations  about  the  normals  to  the  surface  of  the  exterior  lashing  wire's  reduce 
the  system  of  equations  to  be  solved  to  1245.  The  half~bandwldth  Is  301  with 
no  active  columns.  No  secondary  Guy an  reduction  was  performed  to  reduce  the 
number  of  degrees  of  freedom  as  the  resulting  bandwidth  would  have  to  be 
significantly  larger  than  301  for  accurate  results.  The  inverse  power  method 
with  shifts  was  used  to  solve  the  eigenvalue  problems. 

The  identical  substructure  concept  as  described  in  Sec.  1.10.5  of  refer- 
ence 2 was  used.  Five  phases  were  required  as  shown  In  figure  2.  In  some  Cases 
It  was  deemed  advisable  to  use  more  than  the  one  user  tape  shown  between  phases.  - 
Even  though  the  differential  stiffness  would  be  somewhat  different  for  each  of 
the  five  substructures,  only  one  (the  center  blade)  was  generated  In  Phase  III 
and  used  In  Phase  IV.  This  approach  reduced  the  total  calculation  costs  by 
about  20%.  The  i.»mccuracles  of  this  approximation  were  fslt  to  be  about  the 
same  as  those  due  to  scmie  of  the  other  approximations  made.  Runs  IV  and  V were 
split  Into  several  parts  to  enable  shorter  individual  runs. 

The  mesh  for  the  airfoil  was  generated  by  a preprocessor  computer  program. 
The  meshes  for  the  platform  and  the  two  lashing  wires  were  generated  by  hand. 

The  Isostreas  llnea  for  the  centrifugal  loading  and  for  the  scaled  eigenvectors 
for  the  airfoil  and  lashing  wires  were  plotted  with  a postprocessor  computer 
program  which  reads  Images  of  punched  element  stress  cards.  A 

STRESS (PRINT .PUNCH)  » ALL 

card  was  placed  In  the  Case  Control  Deck.  However,  job  control  cards  were  used 
to  store  the  card  Images  on  t%ro  disks  and  to  prevent  the  punching  of  cards. 

Over  two  hundred  thousand  card  Images  were  produced  In  the  Phase  V runs.  An 
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Intermediate  program  was  written  to  enable  the  isostress  plotting  program  to 
handle  the  stress  information  on  the  disk,  more  efficiently. 

Table  1 shows  the  calculation  times  for  the  svibstructuring  analysis  for 
each  phase.  The  mesh  was  generated  on  a CDC  6600  computer  and  the  other  runs 
were  made  on  an  IBM  370-165  computar. 

Table  2 shows  the  projected  calculation  times  for  the  analysis  of  five 
blades  without  substructuring  provided  enough  disk  space  were  available  which 
is  extre.:iely  doubtful.  In  addition,  checkpointing  and  restarting  would  be 
essential  due  to  the  extremely  long  total  running  times.  However,  Level  15.1 
NASTRAN  requires  that  this  be  done  on  a single  physical  tape  which  obviously 
would  not  hold  enough  information.  Tlie  user  would  be  required  to  use  DMAP 
statements  to  transfer  data  from  one  run  to  ;inother  on  user  tapes  rather  than 
checkpoint  tapes.  Even  then,  some  matrices  might  be  too  large  to  fit  on  a 
single  tape. 

When  costs  of  the  CALCOMP  plotter  are  added  to  the  computer  costs  shown, 
the  total  cost  for  a nonsubstructuring  analysis,  if  possible,  would  have  been 
about  four  times  the  total  cost  of  the  substructuring  analysis  performed  in 
this  study. 

The  arrangement  of  the  NA!>TRAM  decks  including  the  Executive  Control  Decks 
are  shown  in  the  appendix. 


RESULTS  AND  DISCUSSION 


The  natural  irequencles,  mode  shapes,  and  stresses  for  the  first  nine  modes 
of  a group  of  five  lashed  rotating  steam  turbine  blades  were  f *md.  The 
natural  frequencies,  in  general,  agreed  well  with  experimental  values. 

A Campbell  Diagram  was  p^^epared  to  determine  possible  resonances  during 
various  operating  conditions. 

The  pseudo  steadystate  deformations  and  stresses  due  to  the  centrifugal 
forces  at  operating  speed  were  found.  This  enables  the  calculations  <•!  the 
fluid  flow  through  the  ro»>  of  blades  through  the  passages  that  actually  occur 
in  operation  and  not  through  the  passages  in  the  undeformed  condition.  Thus, 
NASTRAN  provides  the  designer  of  flexible  turbine  blades  with  a tool  to  help 
obtain  near  optimal  fluid  flow  characteristics  between  the  airfoils. 

A sample  Isostress  plot  for  one  of  Che  surfaces  for  one  of  the  blades  for 
one  of  the  modes  is  shown  in  figure 
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RECOMMENDATIONS 


! 


1.  NASTRAN  Level  15  with  its  substructuring  capability  can  and  should  be 
used  for  many  structural  problems. 

2.  When  preparing  data  for  large  problems,  a mesh  generator  computer 
program  should  be  used  as  much  as  possible. 

3.  For  very  rigid  rotating  turbine  blades  or  blade  groups.  Rigid  Formats  1 
and  3 will  give  accurate  results  and  should  be  used.  For  more  flexible  blades. 
Rigid  Formats  4 and  13,  which  include  the  differential  stiffness  matrix  should 
be  used.  For  even  more  flexible  blades,  it  may  be  necessary  to  ALTER  the 
centripetal  acceleration  matrix  (see  Ref.  3)  into  Rigid  Formats  4 and  13. 

4.  In  order  to  encourage  more  users  to  use  the  substructure  capability  of 
NASTRAN  and  in  order  to  reduce  the  effort  of  the  user  in  creating  and  checking 
DMAP  packages  and  substructuring  data,  it  is  urged  that  substructuring  be  made 
more  automatic  (see  Ref.  4) . 

5.  Rigid  Format  13  should  be  documented  in  the  NASTRAN  documentation. 
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CONCLUSIONS 


1.  The  determination  of  the  natural  frequencies,  mode  shapes  and  states  of 
stress  for  lashed  rotating  and  non^rotating  steam  turbine  blades  is  feasible 
using  the  general  purpose  computer  program  NASTRAN. 

2.  Substructuring  can  greatly  reduce  the  computer  costs  of  large  problems. 
For  the  analysis  performed  here,  the  total  computer  expenses  including  mesh 
generation  and  stress  plotting  were  one-fourth  what  they  would  have  been 
without  substructuring.  The  NASTRAN  runs  cost  one-sixth  as  much  using 
substructuring  than  they  would  have  cost  without  substructuring. 

3.  Choice  of  the  proper  root  flexibility  is  important  to  produce  accurate 
frequencies  and  stresses  for  all  modes. 

4.  Mode  shapes  and  isostress  lines  for  the  fifth  through  ninth  modes 
varied  significantly  between  those  found  at  0 revolutions  per  second  and  those 
found  at  60  revolutions  per  second.  This  variation  is  due  both  to  the  flexi- 
bility of  the  blade  group  and  to  the  coupling  between  modes  as  the  frequencies 
are  close  together.  The  mode  shape  of  the  fifth  mode  at  zero  revolutions  per 
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second  is  similar  to  the  mode  shape  of  the  sixth  mode  at  60  revolutions  per 
second . 
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DSCOSET< 

ChkPNT  P0L  ,Pl3Sf  YBStUBOOVi 

PAPAM  //C,N,^PY/V,N,NDSK  IP/C  tNtO/'* 

OSMC?  MPT,KAAfKrAA*KPStKOFS*K5SfKDS5tPL»PS,YSfU30V/KPLL,KBFS,KBSS, 
P^L  .PpF.YbSf  1!9  00V/V»N  fNOS*^  1 P/V  ,N  ,OEPEATO/V*  N,  DSC  JSETf 
<;avf  N'Osk  ip,p epeatp  $ 

ChkPNT  KbLL,KDf StKbSS tPPL tPeS*Yi S.UPOOV  I 
lABEL  SKfPOFl 

n’JTPijT]  £t*,»//C*N,0/C,N,l$ 

PEPT  LD0P99«A  + 

nilTPuTi  KbtL*^'AA,PPLf  ,//C,N,0/C*N»11 

JUf^P  FIN'ISF 

enoaltpp 

( 

f CH^CKFOINT  nIrT^P^'APY  ENT^P  HF^P 

i 

C^ND 

(f  ASP  CP^.'TPnt  rCCK  ) 
per, I^J  PMLK 
ENrOATA 

END*  % INCLUDE  THIS  PDF  I ?^0/'*TQ 




ApppQACH  01  SP. 

P P F T A P T . 

PEPFA^INO  L^'OrS. 

T|4r  n|cp»cprjTUL  STIFFNESS  *'AY  CDNSI^tr^P  AS  r'»E\TlCAL 

FOP  ALL  ^UBSTMir  Timf  s 0^0710.-0  TMAT  THF  BIUND^PY  »:PPPfTS  A'i  t NQT  LA-^iiE. 
FOR  saving  CO»^PU^INr,  TI'^F,  THE  CE'iTPk  0L  AGE  0 I F r F r^T  I AL  STIPPNbSS 
P«ATCIX  IS  CHOSEN  TO  REPprsf^NT  \LL. 

FOR  OENESATP.n  Th*:  A-SET  UI  p ::  w p NT  I AL  STIFFNP$S  MATRIX,  THE  USER 
MAY  riTHER  rMOOSF  USE  SMPI  Fip,  SMP2,  ThE  lATEf-  IS  USCD  IN 

THIS  analysis, 

SOME  nA*"A  Sf'^F  IN  OHKPNT  STa^P'^FNTS  ARF  SELECTIVELY  DELETEDf  ^UP 
NAS^PAN  r:CE5  NOT  ALLOW  MJLTI-Rppl  CHFCK-POINT  TAPE,  HPNCE  CANNOT 
irrnvynOATP  ALL  ThF  LAPDf  siAf  n^TA  SETS#  PPCGRAM  INTL^RUPTKJN 
wnui  0 nCCilF  IF  yhF  check-point  TAPF  had  reached  TO  AN  PNO. 
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« J'»S^PUC^i:=E  ANALYSIS 

DTFPFPPNTIAl  ^TtFr-NfSS  MCC-L  AN  > ST^^IC  SOLUTI'^fi 
I^  = N^1CAL  ci|hSTPijrTtjPc$ 

LlSriMr,  0- PHt^r  IV 

( DirpEPENTI  AL  ST!-^NESS  STATIC  ANO  DYNA'MC  ClUPLlNG  ANALYSIS! 
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10  OlP^DYNfOHASFA 
ni  AG  Z,^,13,1A,U 
App  01 sp 
T1M€  I )0 
SOL  13fO 

ALTtO  1 

PAPA^»  //C»^»^OP/v,ri♦^=u^=-l  % 

$ TMJ'^  USEO  AS  Di^A^STrP  IN  EC’JiV  S"A"E^:NTS  TO  -OUtVALENCt  '"ATA  •’^LOCKS 

$ 

$ 0»^AP  alter,  sol  13tO  PHASE  IV, 

% RPPEA'^ING  LOO'’. 

% C^'IT,  SPC,  ^‘PC  A‘0  SUPC'ORT  CARDS  AC  E PEP’^MTTEO  wc;5P 

S 

4 USER  MUS"  USr  SPOIfJT  CARO  TO  JSE  0^  SPC  AND  Mor  CA=DS 

4 USER  !^’JS^  CREATE  fJUU  SQUA-E  T AN:  *^‘T  ^^AToICcS  «ITh  ?mi  cARCS  IN 
4 '"UP  bulk  DA^A  OECK 

4 

ALTPO  6*^1 
AL^ER  A8,5o 

ALTEC  5<i.nO  T SKIP  static  SOLUTION  AND  RORV'JLATION  rc  OIFFERCNTUL 

4 STI PCNESS  NATC  f X 

IVPUTTI 

INPUTTl  /KC»c tVEL  ,P^L**/C,N,*R/r ,N,0?  SKIP  « BLOCKS  AND  READ  I^pT* 
pile  CPP^SAVf /‘••BB  = <AV?/PeL^$AVE  4 
INPUTTl  /,,*»/C,N*-34  I\PT. 

JU'^P  L^C^99  4 

LA«tL  LOOP9^4  ANO  ''l="l"I'Nt  <=TIRPNESS  A\0  *'‘A$S  'MATRICES 

IMPUTTl  /Ef  ♦ , ,/C  ,M»04  c E LO  P AP  t j r HW  IN  G V EC  T OR  S FRQm  I\PT. 

M^RGEf  ••iKOfitff  £f /KPAATli 

AOO  KT  *KntATl/KTT4 

EOUIV  KTT,KT/TEM|Cf 

MERGE,  , , ,MBe,E,/wiA'^l4 

APO  mt,^AA"1/vTT4 

EOUIV  MTT,MT/TFV^E4 

ME^GE,  ,PBL, , , ,f /RBT/C ,N,4l4 

Apn  PB,PPT/PT4 

POUtV  PT,PR/TCuc|. 

0C9T  LP0P99,«R4  TH^’Al  'MATRICES  N Iw  Fps'^cp  k 

FOUIV  ,kONN/*>  FTF3  / HT,M^4s/M3r  t>  f 
CUNP  LRL;0,^pCF?  1 
Mrci  JSC^,PG/G*M 

,GM  ,kT  ,MT  ♦ ,/<'^NN,*^VN,  ,4 

alter 

sr=l  •JSC’- ,F0MN,MNN,  ,/<0f  '<‘St‘^rP,,4 

alter  122,132 

S^p  I IS^T  tKPPP  , , ,/G0,KOAA  ,»NUL:.  1 .N  ‘It  ?,f»ULL  ’ , , , , ,4 
AITPC  125 

PPMG2  KOAA/LLL,lJLL  4 
Chkpnt  ULL  4 
EOUIV  PR,PLM/NC$FT  ♦ 
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rONO  PHA4LI,^CSc^  4 
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LABEL  PHA4LI  4 

SSni  LLL  ,Ul  L •^DAA  ,''LR,NULL:  ,hULL  ? ,N  J L L 1 , >0 E*/ U Bl  V , JB. V • R **UL  V , ^ U'  V/V,\, 

0^1T/V,Y,  IP'^S.-'/r  ,N,1/V,N,EpSI  4 
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SAVP  BPSl  $ 

ruKT^.T  URLVf  t)0<^V  ,?ULV  , R'JQV  ! 
ccf'P  PH4AL?.  es  f 

W4TCC3  GPL  ♦USPT♦'^TL,  = ^^JLy//Cf^fL  ! 
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AtT£W  !‘»8,!45 
MA-^PCM  PwtG,  , , ,/  / $ 
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INPyTTl  /,,,  ,/<*,Nt-?i 
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PAC/v  //r  ,^,,NOP/V♦*  .^LArp=0  ' 

Jlf'^P  L00PP8  ♦ 
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MATPPN  0.  * f t //» 

PART^j  pHlG♦fO/*PHl•,/^,^,l$ 

maTPPN  pui , , , ,//l 

OUTPUT!  PMI , , , , //C *NfO/C ,N , 1? 

REPT  lO?P90f4  ! 

OUTPUT!,,,,,  //r  ,»i,-3/r  ,N,i  % 

ENDALtep 

C^NO 

(C A«^E  C'^^TPOL  “Frx  \ 

B^GIN  «ULx 

INCLUJ^  MATRIX  f)0'“QATOPS 
INGL'ID?  PPEUCO&TSuCTus  ? CA-^A 
EN'^CAta 

FMO*  $ I^CLU^E  TUJ5  rAC^  3'-J/3*’) 


-CC*^^E^iT5 

APOboich  risp. 
pEPEATpiG  L'^^P^. 

similar  to  tmas:  II,  BUT  U? T ALT?c  OIGIO  PQ^^AT  13  lU  PRrE^  TO 
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jmphtti  /"pv,  , , , / r ; /C  •'•*  1 ! 

PIL*'  ’J^nOVxS  A Ve/Y^SrS  *-V=/G^  = sA  ;{  / M=  ^ !7-/0’-'=S  AV  = /"‘hS5S  S = SAV“  / 
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pepY  tr0P0P,4f 
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nastran  substructure  analysis 

DYNAMIC  SOLUTION  NIThOUT  0IFFE»PNTIAI  STIFCNESS 
CMAP  oROGBAM  to  CCMRInE  TAPFS 

INPUT  TAPF  INPT  CONTAINS  STIFFNFSS,  LOAD  AND  PAOTITink)  MATRICES 
(PHASF  I OUTPUT) 

INPUT  fARE  INPl  CONTAINS  MASS  MATPIY 
IPHASE  III  OUTPUT) 

OUTPUT  TAPE  INP2 


to  TAPESfTv.rCNE  ♦ 

TIME  2 
APP  OMA» 

OIAG  2,8.13, lA 
BEGIN  f 

INPUTT  I /KAA,PL,El,E2,E3/C,N,-3» 
INPUTTl  /EA.E5, , , /C,N,0» 

INPUTTl  /,,,,'C,N,-3/C,N,li 
INPUTTl  /MAA,,,,/C,N,t'>/C.N,11 
OUTPUTl,  ,,,  ,//C, N.-l/C ,N,2* 

OUTPUTl  KAA,MAA,Ft,F2,E3//C,N,0/C,N,?t 
OUTPUTl  FA,es,,,//C,N,0/C,N,2« 

OUTPUTl,  , ,,  ,//C, N.-3/C ,N,2I 
INPUTTl  /,,,,/C,N.-3S 
END  ♦ 

CENO 


ID  BSVIRP,PHASE2 
time  95 
APP  OISP 

OIAG  1,2,5,13,15,16 
SOL  3,0 
ALTER  1 
\ 

\ DMAP  alter,  sni  3,0  PHASE  II. 

I REPEATING  LOOP. 

» OMIT,  SPC,  MPC  AO  SUPPORT  CAkDS  ARE  PEitMlTTEO  HERE. 

\ 

PARAM  //C,N,NOP/V,N,TRUE«-l» 

» TRUE  USED  AS  PARAMETER  IN  EOUlV  STATEMENTS  TU  EgUlWALENCE  DATA  RLJCNS 
PARAM  //C,N,N0P/V,Y,ISTFSEE»-1  t 

% ISTFSFf  crNTROLS  WHETHER  P1CT0«IAL  lATktX  PRINTER  USED  FOR  STIFFNESS 

* TJ  see  USE  ’>ARAM  ISTFSEE  I CARO  IN  BULK  DATA  DECK 

* MUST  RF  VARIABLE  AS  USEj  IN  CONO  STATEMENT 
PARAM  //C,N,N0P/V,Y,MASSSFE«-1  I 

» MASSSFF  CONTROLS  VHETHER  PICTORIAL  MATRIX  PRINTER  USED  FOR  MASS 
» TJ  SEE  USE  PARAM  MASSSfE  1 CARO  IN  BULK  DATA  DECK 

t MUST  RE  A VARIAJLE  AS  UScO  IN  CONO  STATEMENT 

alter  6,41 

INPUTTl  /KAAl ,MAA1, ,, /C ,N,>3/C,N,l  t INPl  — TnO  TAPES 
I INPUTTl  /Z,KAAl,MAAl,,/C,N,-3/C,N,l  i INPl  — SIK  TAPtS 
FILE  KAA1«SAVE/MAAI«SAVE» 

CONO  SNSEEI.ISTFSEE  % 

SEEMAT  XAAl,,,,//  t PRINTS  LOCATION  OF  NCN-/LPO  t ERMS  OE  KAAl  MATRIX 
LAREL  SMSFEl  t 


i 
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CONO  f'^ISPClfMASSS^F  i 

SEEMAT  P»<INTS  LJCATILN  Cf-  TFf^MS  OF  HAAl  MATf^I^ 

LABEL  ‘IMSEE;  % 

% PARAM  //CtN,NCP/V,N  .IPT#0  S SIX  TAPE'S 
LABEL  LOno'^qs 
i BEGIN  I )OP  99 

I PAR\^  //Cf  N,A[)n/Vf%f  IPT/V*Nf  IPT/Cf\#  I % SIX  TA^FS 

% PRTPAR'-  //C  fN.O/C  ,N  • I PT  S SIX  TAPf;S 

$ INPllTTl  / F # # . »/C  f N#-3/V  , I , IPT  % SIX  TAPES 

INPUTTI  /f^ft  t#/C,‘4,'J/CfNf  I i INPI  — Two  TAPES 

HATPRN  C*  f f I //i 

MERGE , # • ,KAAl tE , /<S;Tl 

ADO  KGS#KOGT/KTi 

I KT  AND  MT  ARE  Cf'NSI  >h-irO  \S  SCRATCH  r)ATA  3LJCKS  AND  MUST  NfiT 
$ REFERENCED  OUTSIDE  JF  LOOPS9 

FQUI V KT.KGG/TRUE  % 

MFRGEf  ,MAAltF */^w  ,TS 
ADD  MGG,Mj;T/MTf 
Fgulv  MT  , MGS/ TPijF  V 
CONO  SMSFF2, ISTFSEE  » 

SEEMAT  KGGft#*//  t PRINTS  LOCATI./,  ‘IF  NQN-ZEEO  TERMS  OF  X GG  MATRIX 

label  SMSFE2  S 

CDND  MMSE62.MASSSEE  S 

SF6MAT  MSGt*,,//  I PRINTS  LICATICN  JF  N)N-ZEhC  TfPMS  OF  MGG  MATRIX 
LABEL  MMSEE2  % 

REPT  L0JPO9,4S 

% THE  4 IN  REPT  LnDP99#*tl  I'DICATFS  TifAT  LCJQP99  IS  GONE  THROUGH  b TIMES 
$ Tn  CHANGE  NU^HFR  .iF  IJE\TIC*.L  SJ3STHUCT  JR  ES  ANALV/FD  FROM  St 

% CHANGF  this  NUMBER  TO  DNc  LESS  THAN  THE  NUMBER  CF  IDENTICAL 

% SUBSTRUCTURrS 

t END  LSno  99 
ALTER 

alter  105»106 
OUTPUT  I L AMA, ,,  ,//r 

I PARAM  //C#NfNrP/VfN,lPl# J I SIX  TAPES 

INPUTTl  /Ql,02tft/CfNt-3/C#  4,1  t I\Pl  — Twj  TAPES 

LABEL  U.0P98I 

I PARAM  //C.N,A^f)/V,N,lPl/V*  M.IPl/C  fNa  S SIX  TAPCS 
I PRTPAPM  //CtN,J/r,N#l»l  i SIX  TAPFS 
% INPUTTl  /O,  ,,,/C, N.-3,V,N,tPl  $ S?X  TAPFS 
INPUTTl  /O,,,  ,/C,N,  )/C,N,  I i INPI  --  TAPFS 

% Q CnRPFSPHNOS  TO  F IN  L0Q®99 
PARTN  PHIG,,Q/,PHI4,,/C,N,U 
OUTPUT  I PHIZ,, . ,//: ,N,0/CtN,Oi 
REPT  L30P9B,4t 

SO»2  CASECC,CSTv,>pt,DIT,p  jpxIN,SIL • , , 3SPDT ,L AMA , GG ,PHIG , ,/, 
OQGl,nPM|G,,,/C,N,RtIGS 
OFP  OPHIG,OOGl,,, ,//V,N,CAR )NOI 
alter  109.112 
alter  UA,U5 
ENDALTFR 
CENO 
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Figure  2 • Substructure  Runs  for  Static  or  Dynamic 
(Natural  Frequency)  Analysis,  with  Differential  Stiffness, 
of  Identical  Substructures. 
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SUBSTRUCTURE  ANALYSIS  TECHNIQUES  AND  AUTOMATION 


By  Carl  W.  Hennrich  and  Edwin  J.  Konrath,  Jr. 

Software  Sciences,  Inc. 

Hampton,  Virginia 


SUMMARY 


A basic  automated  substructure  analysis  capability  for  NASTRAN  is 
presented  which  eliminates  most  of  the  logistical  data  handling  and  generation 
chores  that  are  currently  associated  with  the  method.  Rigid  formats  are  pro- 
posed which  will  accomplish  this  using  three  new  modules,  all  of  which  can  be 
added  to  Level  16  with  a relatively  small  effort. 


INTRODUCTION 


Prior  to  Level  15,  no  real  substructure  analysis  capability  existed  in  any 
NASA  released  version  of  the  NASTRAN  program.  With  the  pre-release  of  Levels  8 
and  11,  users  began  expressing  the  desirability  and  necessity  for  a substructure 
analysis  capability.  Several  user  organizations  attempted,  with  limited  success, 
to  accomplish  substructure  analysis  by  using  the  checkpoint/restart  capability 
of  NASTRAN  coupled  with  the  direct  matrix  abstraction  (DMAP)  approach.  Other 
organizations  utilized  user-developed  utility  modules  and  Rigid  Format  DMAP  alter 
packages,  thus  taking  advantage  of  the  Rigid  Formats  whenever  possible. 

The  latter  method  with  an  expansion  of  user  options  was  adapted  by  NASA 
for  inclusion  in  Level  15  and  is  fully  described  in  Section  4.3  of  the  Theoreti- 
cal Manual  (reference  1)  and  Section  1.10  of  the  User's  Manual  (reference  2). 

The  casual  user  may  well  be  quite  frustrated  with  this  method  since  its  generality 
requires  the  user  to  design  a specific  approach  for  the  problem  at  hand.  This 
involves  externally  generated  partitioning  vectors  as  well  as  DMAP  alter  packets 
which  are  often  unfamiliar  to  the  engineer  user.  In  addition,  little  assistance 
Is  provided  In  the  form  of  qualitative  verification  of  the  hand-generated  cou- 
pling data  or  of  the  resulting  coupled  matrices.  The  probability  of  undetected 
user-generated  errors  in  this  process  is  therefore  rather  high.  Furthermore, 
the  user  must  develop  customized  DMAP  packages  for  any  problem  that  does  not 
match  the  currently  published  substructure  alter  packages. 
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The  currently  available  Level  15  technique  was  intended  as  a general  but 
preliminary  capability.  The  upgrading  of  this  capability  with  user  conveniences 
and  qualitative  data  checks  has  been  requested  by  many.  As  NASTRAN's  sub- 
structure analysis  capabilities  arc  improved,  serious  users  will  explore  many 
different  approaches.  Several  techniques  and  utility  module  designs  developed 
by  necessity  will  be  discussed  for  use  with  Levels  15  and  16.  Along  these 
lines,  several  aids  are  suggested  herein.  Some  take  advantage  of  existing 
code  and  capability  while  others  indicate  the  need  for  additional  user-developed 
utility  modules  as  well  as  modifications  to  several  existing  modules.  The 
techniques  discussed  are  intended  for  the  casual  engineer  user  and  are  there- 
fore used  somewhat  more  rigidly  than  might  normally  be  expected  with  utility 
modules.  It  is  hoped,  however,  that  the  concepts  described  will  stimulate  other 
serious  user  teams  to  develop  structurally-oriented  and  utility  modules  to  ease 
the  difficulties  encountered  in  carrying  out  an  effective  substructure  analysis. 

All  new  and  modified  routines  and  modules  are  based  on  the  Level  16 
version  of  NASTRAN  currently  undergoing  validation.  Many  of  the  techniques 
described  are  valid  for  Level  15,  however,  and  can  be  installed  in  that  level 
with  slightly  more  difficulty  since  many  Level  16  features  will  also  have  to 
be  installed.  It  should  be  possible  for  a reasonably  competent  experienced 
team  to  install  the  capability  described  with  a nominal  effort. 


K 

P 
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M 

Subscripts: 

f 

a 

0 

9 


SYMBOLS 

Stiffness  matrix 
Load  vector  matrix 
Displacement  vector  matrix 
Transformation  matrix 
Mass  matrix 


Free  (unconstrained)  set 
Analysis  (boundary)  set 
Omitted  (Interior)  set 
All  degrees  of  freedom  set 
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'*-9 


Superscripts : 


T 

Transpose  operator 

-1 

Inverse  operator 

i 

Substructure  index 

0 

Related  only  to  the  omitted  (inter 

Other  Symbols: 

- 

Pre-red'iction  portion  of  a matrix 

[ ] 

Matri x 

{ } 

Matrix  of  vectors 

A 

Related  to  pseudomodel. 

Symbols  o,. ^earing  in  the  appendices  are  defined  in  the  appropriate 
appendix  as  necessary. 


OBJECTIVE  AND  SCOPE 


A sample  substructure  analysis  model  is  shown  in  figure  1.  The  grid 
points  on  the  top  surface  of  this  model  which  are  to  be  coupled  are  identified 
by  letters.  Substructure  analysis  implicitly  assumes  that  each  substructure  is 
analyzed  separately  and  subsequently  combined  with  other  previously  analyzed 
substructures  to  form  a pseudostructure  as  shown  in  figure  2.  Once  the  pseudo- 
structure is  solved,  the  detailed  solutions  for  each  of  the  substructures  may 
be  obtained  by  a set  of  data  recovery  runs.  The  objective  of  the  techniques  and 
new  capability  to  be  presented  herein  is  to  define  a basic  substructure  analysis 
capability  which  will  require  a minimum  amount  ot  user-generated  data  and 
logistics. 

With  this  objective  in  mind,  the  scope  will  be  limited  to  providing  a 
basic  capability;  therefore,  many  desired  features  will  be  omitted  in  order  to 
focus  attention  on  the  fundamentally  important  capabilities.  In  the  discussion 
that  follows,  the  lim'tations  that  resuH  from  this  restricted  scope  will  be 
identified.  It  should  be  kept  in  mind  that  most,  if  not  all,  of  these  limita- 
tions can  be  removed  by  additions  to  the  basic  capability  once  it  is  implemented. 
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DISCUSSION 


The  theory,  utilization  and  programming  aspects  of  NASTRAN's  substructure 
analysis  capabilities  are  discussed  in  references  1-3.  Necessary  and  desirable 
features  of  any  substructure  analysis  capability  have  been  given  by  man>,  in- 
cluding papers  presented  at  the  first  Users'  Colloquium  (references  4 and  5). 
For  ease  of  reference,  the  basic  theory  is  given  in  the  following  section  as  an 
aid  to  the  interested  reader. 

The  difficulty  in  carrying  out  a substructure  analysis  with  NASTRAN  lies 
in  the  logistical  procedures  rather  than  with  any  inherent  deficiency  with 
NASTRAN  itself.  This  logistic  problem  is  illustrated  in  figures  2 and  3 where 
the  number  of  runs  and  retainable  data  files  is  seen  to  be  large.  The  data 
requirements  for  substructure  analysis  in  Levels  15  and  16  and  for  the  capa- 
bility described  in  this  paper,  which  we  shall  designate  Level  16. X,  are 
tabulated  in  table  1. 

The  major  disadvantages  to  the  current  (Level  15)  substructure  analysis 
capability  of  NASTRAN  are: 

1.  The  user  must  generate  partitioning  vectors 

2.  A DMAP  alter  packet  appropriate  to  the  problem  being  run 
must  be  created. 


These  disadvantages  can  be  overcome  relatively  easily  if  a few  modest  restric- 
tions are  iti?)Osed.  This  will  be  illustrated  for  the  two  most  commonly  used 
rigid  formats.  Static  Analysis  and  Normal  Modes  Analysis  which,  when  upgraded 
as  described  herein,  will  not  require  the  generation  of  an  alter  packet  to  run. 

The  restrictions  that  will  be  imposed  are  listed  in  table  2 and  are 
summarized  here. 

1.  Only  one  (1)  level  of  substructure  analysis  is  supported, 
consisting  of  a maximum  of  twenty  (20)  substructures. 

2.  The  degrees  of  freedom  at  coupled  boundary  points  must 
agree  In  number,  meaning  and  direction. 

3.  The  Internal  sequence  of  all  points  on  the  boundary  between 
any  two  substructures  must  be  the  same. 

4.  All  subcases  must  be  defined  in  all  runs. 

5.  Output  may  be  obtained  during  Phase  II  for  any  degrees  of 
freedom  present  as  identified  by  the  pseudostructure  map 
printout  (see  fig.  4). 
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Advantage  features  provided  are: 

1.  If  the  grid  points  of  the  substructures  are  numbered  uniquely, 
the  user  may  request  automatic  coupling  to  occur.  If  excep- 
tions occur,  they  may  be  handled  by  means  of  bulk  data. 

2.  The  minimum  required  data  are  the  DTI  data  cards  defining  the 
number  of  substructures  present  and  other  logistical  control 
information. 

3.  If  topologically  equivalent  substructures  are  present,  only 
one  needs  to  be  input;  coupling  data  cards  will  be  required 
in  this  case  since  tl.e  grid  points  are  no  longer  unique. 


Level  16.x  overcomes  the  most  serious  objections  by  providing  an  auto- 
mated capability.  This  capability  is  implemented  by  the  addition  of  new 
modules,  rigid  formats,  and  a user-oriented  data  table  specification.  These 
facets  are  discussed  in  the  sections  which  follow  the  theoretical  discussion. 
As  far  as  the  rigid  format  is  concerned,  the  new  modules  appear  as  structural 
matrix  assemblers  similar  to  SMA3  with  the  substructures  appearing  internally 
as  arbitrarily  defined  super  elements. 


THEORY 


The  basic  theory  used  as  a basis  for  the  implementation  of  substructure 
analysis  is  presented  here  for  the  convenience  of  the  reader.  Full  treatment 
is  given  in  Section  4.3  of  the  Theoretical  Manual  (reference  1).  The  NASTRAN 
set  notation  will  be  employed. 

For  static  analysis,  the  free  (f)  degrees  of  freedom  of  the  substructure 
are  allocated  to  the  a-set,  which  contains  all  boundary  degrees  of  freedom, 
(i.e.,  degrees  of  freedom  which  are  to  be  coupled  to  similar  degrees  of  freedom 
at  some  grid  point  in  another  substructure),  and  the  o-set,  which  contains  the 
non-boundary  degrees  of  freedom.  The  equilibrium  equations  are  written  as 


from  which 
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where 


(3) 

fa>  = 

(P,)  * [G„]^(P„) 

(4) 

and 

(5) 

Also,  the  displacements  of  the  interior  points  are  given  by 


(6) 

wliere  {u“}  • • 0) 


Equations  3,  4,  5 and  7 can  be  carried  out  in  Phase  I.  Equation  2 must  be 
deferred  to  Phase  II  where  the  missing  contributions  to  [K,.]  from  the  other 

do 

substructures  are  available.  Equation  6 consists  of  two  parts,  one  of  which 
(equation  7)  is  evaluated  in  Phase  I.  The  other  part  depends  on  the  solution 
generated  in  Phase  II.  Equation  6 is  therefore  done  in  Phase  III. 

In  Phase  II,  the  substructure  boundary  matrices  [K^.]  and  {pb,  which 

Ofl  O 

are  brought  in  from  User  Files  generated  by  the  Phase  I runs,  are  expanded  to 
pseudomodel  q>size. 


(8) 

{ph  — (fi) 

a g 

(9) 

and  added  to  form 

(10) 

<V  2{pJ) 

(11) 

from  which  a normal 

solution  proceeds. 
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After  the  solution  {u^}  is  obtained,  the  boundary  displacements  are  simply 
extracted  by 


{u!}^{ul  . (12) 

a g 

The  merge  and  partitioning  operations  defined  by  equations  8,  9 and  12  require 
information  identifying  degrees  of  freedom  in  each  substructure  with  corre- 
sponding degrees  of  freedom  of  the  pseudomodel. 


For  normal  modes  analysis,  the  mass  matrix  is  arbitrarily  reduced  via 
the  Guyan  reduction 

. [G„f  (13) 

described  in  reference  6 and  carried  into  Phase  II  in  the  same  way  as 

TOi 


In  dynamics  rigid  formats,  the  viscous  and  structural  damping  matrices 
are  similarly  treated. 


NEW  MODULE  DESCRIPTIONS 


Three  new  modules  are  presented  in  this  section  which  form  the  basis  for 
the  automation  of  the  basic  automatic  substructure  analysis  technique.  These 
modules  can  be  either  added  to  DMAP  alter  packets  currently  being  utilized  or 
to  new  rigid  formats  as  will  be  shown  in  the  following  section. 

The  three  new  modules  are: 


Substructure  Matrix  Assembler 
Substructure  Vector  Extractor 
User  File  Datii  Block  Recovery 


Descriptions  of  these  modules  are  presented  on  the  following  pages  using  the 
format  prescribed  for  Section  5 of  the  NASTRAN  User’s  Manual. 


SSMA  (Substructure  Matrix  Assembler) 


I.  NAME: 


II.  PURPOSE ; Generates  matrices  from  substructures  - 

1.  Obtaiiis  substructure  matrices  and  other  data  from  designated 
User  Files. 

2.  Assembles  g-sized  stiffness,  mass,  viscous  damping,  structural 
damping  and/or  load  vector  matrices  for  all  substructures 
designated. 

3.  Outputs  appropriate  diagnostic  and  information  messages  and 
summary  information. 


III.  DMAP  CALLING  SEQUENCE: 

SSMA  GE0M4,UFTABLE  / K,M,B ,K4,P,PSD  / C,Y,P0PT  / C,Y,GENSAME  / 
V,N,LUSET  $ 

IV.  INPUT  DATA  BLOCKS: 

GE0M4  - Contains  SAME  data 
UFTABLE  - User  File  information 


V.  OUTPUT  DATA  BLOCKS: 

K,M,B,K4,P  - Stiffness,  mass,  viscous  damping,  structural  dancing 
and  load  vector  matrices 

PSD  - Pseudostructure  data  table 


r PARAMETERS: 

P|JPT  - Integer- input,  default*!. 

»+l,  print  pseudostructure  map 
“-1,  do  not  print  map 

GENSAME  - Integer-input,  default  «-l. 

■•1,  coupling  data  is  taken  from  GE0M4 
*-•-1 , automatic  coupling  based  on  grid  point  Identification 
numbers  will  be  employed  (GE0M4  data  Is  also  used  if 
present) . 

LUSET  - Integer-output,  default-0 . Number  of  degrees  of  freedom 
In  pseudostructure  g-set. 
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REMARKS: 


VII. 

1.  SSMAwill  read  User  Files  INPT,  INPl , INP2,  — , INP9  as  specified 
by  the  data  on  UFTABLE. 

2.  Any  or  all  outputs  may  be  purged. 

3.  6E0M4  may  be  purged  if  6ENSAME=+1 . 

4.  UFTABLE  may  not  be  purged. 


I.  NAME:  SSVE  (Substructure  Vector  Extractor) 

II.  PURPOSE : Generates  a User  File  containing  substructure  boundary 

displacement  vectors. 

III.  DMAP  CALLING  SEQUENCE: 

SSVE  PS0.LA,UGV  //  $ 

IV.  INPUT  DATA  BLOCKS: 

PSD  ' Pseudostructure  data  table  (generated  by  SSMA) 

LA  • Eigenvalue  table 
UGV  • Displacement  vector 

V.  OUTPUT  DATA  BLOCKS:  None 

VI.  PARAMETERS;  None 

VII.  REMARKS; 

1.  Companion  module  to  SSMA,  requires  pseudostructure  data  table  (PSD) 
output  from  SSMA  as  Input. 

2.  SSVE  will  write  a User  File  on  INPT,  INPl,  INP2,  — . or  JNP9  as 
specified  by  the  data  block  UFTABLE  and  passed  to  the  module  via 
PSD. 
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I. 


NAME:  UDBR  (User  File  Data  Block  Recovery) 


II.  PURPOSE : Recovers  data  blocks  from  a given  User  Fi ' according  to 

information  contained  on  a directory  data  block  (the  first  data  block 
on  the  file) . 

III.  DMAP  CALLING  SEQUENCE: 

UDBR  / DB1,DB2,i)B3,DB4,0Bj  / C,Y,SUBID  / C,Y,UNIT  / C,Y,USRTPID2  $ 

IV.  INPUT  DATA  BLOCKS:  None 

V.  OUTPUT  DATA  BLOCKS: 


DBi  “ Data  Blocks  recovered  by  module. 


VI.  PARAMETERS: 

SUBID  - Integer-input, defau1t=0.  Substructure  identification 
number. 

UNIT  - Integer-input ,default*0.  Permanent  file  code  as  follows: 

0 INPT 

1 INPl 

2 INP2 


9 !NP9 

USRTPID2  - BCD-input,  default-XXXXXXXX.  User  File  identification 
:ode. 


VII.  REMARKS; 

1.  The  User  File  is  assumed  to  have  been  generated  by  module  SIVE. 

2.  The  number  and  kind  of  data  blocks  recovered  depends  on  the 
directory  data  block  contents. 


reproducibiiity  of  the  original  page  is  poor.  ‘ 


NEW  RIGID  FORMATS 


In  order  to  simultaneously  use  the  new  utility  modules  previously  defined 
nd  to  relieve  the  user  of  the  burdensome  chore  of  preparing  DMAP  alter  packets, 
||iew  rigid  formats  have  been  developed,  one  for  each  major  analysis  capability, 
istatio  Substructure  Analysis,  Rigid  Format  16,  is  given  in  Appendices  B,  C and 
’)  where  the  solution  subset  numbers  1,  2 and  3 are  indicative  of  Phase  I,  II 
<nd  III,  respectively.  If  subset  0 (s^e  Appendix  A)  is  used,  an  ordinary  Static 
analysis  will  result.  Normal  Modes  Substructure  Analysis,  Rigid  Format  17,  is 
llustrated  for  Phase  II  by  Appendix  E.  These  new  rigid  formats  are  fully 
^:ompatible  with  all  existing  displacement  rigid  formats,  including  restart  cap- 
ability, as  defined  by  Rigid  Format  Series  N which  is  scheduled  for  Level  16  of 

Systran. 

Many  of  the  OMAP  instruction  sequences  contained  in  these  rigid  formats 
jan  be  used  by  current  Level  15  users  with  appropriate  caution. 


USER  DATA  REQUIREMENTS 


The  Phase  II  coupling  process  requires  that  matrices  and  data  tables 
generated  in  several  Phase  I runs  be  recovered  from  User  Files.  Many  possible 
Jata  input  configurations  are  possible,  depending  on  the  sequence  of  Phase  I 
runs  and  reruns  which  led  up  to  the  Phase  II  analysis.  In  order  to  allow  the 
greatest  amount  of  flexibility  in  the  automated  process,  a table  data  block 
:ontaining  user  file  information  will  be  used  to  control  the  Phase  II  assembly 
Drocess.  This  can  ultimately  be  generated  from  a Case  Control  packet.  For 
the  purposes  of  the  current  design,  however,  this  table  will  be  assumed  to  be 
input  via  DTI  bulk  data  cards  as  illustrated  in  figure  8 and  described  in  some 
detail  in  Appendix  F.  The  UFTABLE  data  block  that  results  will  be  required 
input  to  module  SSMA  previously  discussed.  Future  expansion  to  include  control 
of  the  load  assembly  process,  as  well  as  features  not  currently  envisioned,  is 
easily  accomplished  since  the  records  of  table  data  blocks  are  open-ended. 


USAGE 


The  usage  of  the  capability  just  presented  is  shown  by  the  sample  data 
decks  in  figures  5,  6,  7 and  8.  It  Is  to  be  emphasized  that,  within  the 
limitations  previously  described,  the  burden  on  the  user  is  minimal.  The 
primary  requirement  is  that  the  small  UFTABLE  data  block  be  prepared  on  DTI 
cards  for  input  to  Phase  II.  Job  control  language  is  still  necessary,  of 
course,  and  will  not  be  discussed  here  since  the  subject  is  not  only  machine- 
dependent  but  usually  highly  installation-dependent  as  well. 


The  user  accomplishes  substructure  matrix  generation  (Phase  I)  as 
presently  described  in  the  Level  15  User's  Manual  without  the  alter  packet. 

The  new  modules  SSMA  and  SSVE  are  used  to  automate  the  matrix  coupling  (Phase 
II)  and  thereby  eliminate  the  chore  of  generating  complicated  DMAP  alter 
packets.  No  longer  must  the  user  supply  the  input,  merge,  add,  and  equivalence 
statements  for  the  coupling  of  each  matrix  of  every  substructure.  Now  one 
module  (SSMA)  replaces  all  of  the  above-mentioned  DMAP  statements.  The  user 
supplies  only  substructure  names  and  identification  values  via  bulk  data  cards 
to  inform  SSMA  how  many  substructures  are  being  coupled  and  to  relate  the  sub- 
structures to  user-supplied  coupling  data.  The  substructure's  parameter  value 
is  used  to  indicate  the  presence  of  identical  substructures.  The  user  may  also 
include  user  file  labels  from  Phase  I,  names  of  matrices  to  be  read  from  each 
user  file,  and,  when  tapes  are  used,  the  installation's  tape  code  when  re- 
questing multiple-reel  tapes.  All  tape  changes  and  mount  requests  are  handled 
similarly  to  the  current  NASTRAN  user  tape  modules  with  the  exception  that  the 
user  is  uninvolved  once  the  installation's  job  control  language  requirements 
are  met.  NASTRAN  with  one  module  (SSMA)  now  requests  user  tapes,  verifies  the 
correct  mounting  and  builds  all  the  coupled  matrices,  taking  full  advantage 
of  any  identical  substructures  that  exist.  Module  SSVE  is  similatly  used  to 
request  an  output  tape  and  uncouple  the  substructure  solution  vectors. 

As  a final  indication  of  the  usefulness  of  the  techniques  developed,  the 
sample  problem  used  in  reference  2 is  presented  in  Appendix  G.  It  is  seen  that 
truly  little  effort  is  required  on  the  part  of  the  user  to  prepare  data  for  a 
substructure  analysis  using  Level  16. X features. 


FUTURE  IMPROVEMENTS 


Once  the  basic  capability  becomes  implemented,  an  environment  will  exist 
with  respect  to  which  improvements  can  be  made.  Several  of  these  potentially 
useful  improvements  are  described  in  the  paragraphs  which  follow. 

One  early  addition  should  be  to  provide  data  checking  capability  for 
points  being  coupled  between  substructures.  These  checks  will  require  that 
additional  geometric  information  about  boundary  grid  points  be  carried  forward 
from  Phase  I.  This  information  can  then  be  automatically  recovered  in  Phase 
II  via  SSMA  and  either  used  inside  that  module  or  passed  out  of  the  module  in 
the  form  of  data  blocks  to  be  used  by  other  new  modules. 

Another  improvement  which  can  be  added  relatively  easily  to  the  basic 
capability  is  the  ability  to  introduce  and  symbolically  manipulate  and  generate 
geometrically  related  loading  conditions  in  Phase  II.  This  also  requires  the 
availability  of  additional  geometric  information  in  Phase  II.  At  this  point, 


33L 


it  will  be  possible  to  introduce  direct  matrix  input  as  a representation  of 
loading  conditions.  This  capability  will  complement  the  existing  capability 
for  users  who  may  desire  to  input  loading  matrices  generated  by  programs 
external  to  NASTRAN. 

The  ability  to  relate  degrees  of  freedom  of  the  pseudostructure  to 
externally  designated  degree  of  freedom  descriptions  in  Phase  II  requires  only 
that  the  correspondence  be  known.  Since  this  information  is  contained  in  the 
ASET  data  blocks  input  from  the  Phase  I runs,  it  is  easy  to  conceive  of  a 
translator  module  which  will  accept  data  referencing  external  degrees  of 
freedom  (e.g.,  SPC,  0MIT,  F0RCE  cards)  and  generate  equivalent  data  blocks  con- 
taining internal  pseudostructure  degree  of  freedom  descriptions.  With  this 
capability,  analyses  of  pseudostructure  models  can  be  carried  out  as  if  they 
were  simple  structures. 

Non-conforming  boundaries  can  be  handled  with  an  extra  transformation 
step.  If  [Q]  is  chosen  so  that  the  transformed  displacement  vector 

{u}*  = [qf{u}  (14) 

has  the  desired  sequence  but  the  same  values,  then 

[Q]"'  = CQ]^  (15) 

and  the  conformable  matrices  and  vectors  are  easily  computed  as 


[K]*  = 

[Qf[K][Q] 

(16) 

{P}*  = 

(17) 

After  solution,  the  reverse  transformation  is  merely 

{u}  = [Q]{u>*  (18) 

Since  [Q]  has  an  extremely  low  density,  NASTRAN's  sparce  matrix  multiply 
routines  will  carry  out  the  indicated  computations  most  efficiently.  The 
essential  task  is  the  generation  of  the  [Q]  data.  With  suitable  arbitrary 
conventions,  this  can  be  accomplished  within  the  module  SSMA  and  included  in 
the  PSD  data  block  for  transfer  to  other  modules  such  as  SSVE  where  the  re- 
verse transformation  can  be  made. 

Multi-level  substructure  analysis,  while  not  covered  explicitly  by  the 
scope  of  this  effort,  can  be  obtained  with  a small  modification  to  the  existing 
capability  herein  defined.  In  this  case,  the  ASET  data  block  output  from 
Phase  II  will  contain  both  the  pseudostructure  degrees  of  freedom  and  the 
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equivalent  Phase  I external  degree  of  freedom  designations.  Since  several 
Phase  I external  degree  of  freedom  designations  may  exist  for  each  Phase  II 
degree  of  freedom,  the  data  block  becomes  somewhat  more  complex  but  no  essential 
new  difficulty  is  encountered.  Once  the  correspondence  recognition  feature  is 
accomplished,  multi-level  substructure  analysis  capability  essentially  becomes 
open-ended  with  no  real  limit  to  the  possible  number  of  levels.  Since  the 
degree  of  freedom  correspondence  is  automatically  carried  forward  at  each  level, 
it  will  be  possible  to  return  directly  to  the  original  substructures  in  any  data 
recovery  phase.  In  addition,  the  substructure  formed  at  any  level  can  be 
analyzed  by  itself.  Figure  9 illustrates  this  process. 


A user  convenience  improvement  would  be  to  replace  the  DTI  form  of  the 
input  of  the  table  UFTABLE  described  earlier  with  a Case  Control  Deck  packet 
similar  to  the  structure  plotter  request  packet.  This  will  require  new  code  in 
the  Input  File  Processor  (IFP)  portion  of  the  preface  which  will  read  the  data 
cards,  analy. e them  for  correctness  and  form  the  UFTABLE  data  block.  When 
implemented,  the  present  requirement  for  a dummy  UFTABLE  input  for  subset  0 
will  be  eliminated.  The  language  specifications  can  be  made  as  user-oriented 
as  desired  since  IFP  will  interpret  the  statements  and  form  the  UFTABLE  data 
block.  At  such  time  as  the  data  block  UFTABLE  is  added  to  the  FIAT  as  a 
recognized  output  from  the  preface,  an  EQUIV  DMAP  instruction  will  be  needed 
in  the  rigid  formats  if  DTI  input  is  also  to  be  available. 


Another  enhancement  will  be  to  allow  the  coupling  of  individual  degrees 
of  freedom  at  a grid  point  rather  than  all  unconstrained  degrees  of  freedom  as 
will  be  done  in  Level  16.  This  task  is  not  dependent  on  anything  presented  in 
this  paper  but  can  be  done  at  any  time  since  it  merely  involves  the  definition 
of  a new  data  card  similar  to  the  present  SAME  card  (see  figure  10)  and  the 
addition  of  minor  processing  logic  in  the  Level  16  module  PVEC. 

Several  other  improvements  which  will  either  remove  restrictions  or  ex- 
tend the  capability  can  be  envisioned.  The  important  point  is  that  any  or  all 
of  these  improvements  can  be  relatively  easily  made  once  the  basic  capability 
is  operational. 


CONCLUSION  AND  RECOMMENDATIONS 


An  approach  has  been  presented  by  which  basic  automatic  substructure 
analysis  can  be  added  to  NASTRAN.  It  is  suggested  that  this  technique  can  be 
implemented  in  Level  16  with  a relatively  small  level  of  effort.  While  the 
resulting  capability  will  not  completely  satisfy  all  potential  users,  it  is 
felt  that  most  substructure  analyses  will  be  encompassed.  Furthermore,  reason- 
able extensions  of  the  techniques  presented  can  be  made  which  will  result  in 
any  degree  of  further  sophistication,  convenience  and  automation  that  can  be 
supported  by  resources  that  are  made  available  for  this  purpose. 
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APPENDIX  A 

RIGID  FORMAT  DMAP  LISTING  FOR  S0L  16,  (0) 
STATIC  SUBSTRUCTURE  ANALYSIS  (ALL  PHASES) 


Subset  0 of  Rigid  Format  16  contains  all  DMAP  instructions  for  Static 
Subsf^ucture  Analysis.  If  run  without  subsets  1,  2,  or  3,  a complete  static 
analysis  will  result  which  is  equivalent  to  Rigid  Format  1.  Selection  of  one 
of  the  subsets  1,  2 or  3,  however,  reduces  Rigid  Format  16  to  a DMAP  sequence 
which  will  automatically  solve  Phase  I,  II  or  III  of  Static  Substructure 
Analysis.  These  subsets  are  displayed  in  Appendices  B,  C and  P.  The  DMAP 
compilation  listing  of  S0L  16,0  constitutes  the  remainder  of  this  Appendix, 
including  an  explanatory  description  of  the  DMAP  similar  to  that  found  in 
Section  3 of  the  NASTRAN  User's  Manual. 
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kIGID  FOKMAT  G.SAP  LISTING 

StRIES  N •**  oaSIC  static  SUBSTRUCTURE  ANALYSIS 
RIGID  FORMAT  16  - SUBSET  ZERO 

NASTkAN  SOURCE  PROGRAM  COMPILATION 
OMAP-OHAP  INSTRUCTION 
NO  ■ 


1 

BEGIN 

2 

FILE 

3 

file 

4 

JUMP 

5 

Par  AM 

CE 

7 

SAVE 

a 

chkpnt 

9 

LAdEL 

lu 

CgpT'3) 

11 

Save 

12 

CHKP.MT 

13 

C^pT^ 

14 

CHKPNT 

13 

PARAHL 

16 

PURGE 

17 

CCND 

18 

PLTSET 

19 

SAVE 

20 

PRTMSG 

21 

PARAH 

22 

PmRAM 

23 

CONO 

24 

C?L^ 

NO. 16  BASIC  STATIC  SUBSTRUCTURE  ANALYSIS  - SERIES  N i 
LLL=TAPF  % 

UG=APPEND/PGG*APPENO/UGV=APPENU/OM=S»,VE/KNN*SAVE  » 

PH2BRI  » 

//CtN,ADD/V,N,PHASE2/C»N,0/CtN|-l  % 

ocOMAtUFTABLE/KGGPSt  t • t POPS,  PSuaU/C,  V .PRIORI /C»  r i OENSAME/  V.N. 
LOScT  S 

LUSET  S 

KGOPSfPGPS.PSOATA  $ 

Rri2bkl  I 

GEUMl,G£OM2,/GPLfEQEXINt&POTtOSlMibUPOTtSIL/V.NiLUSET/  V.N. 
N06P0T  » 

LUSET  $ 

GPL.EOEXIN.GOOT.CSTH.BGPDT.  SlL  > 

OE0M2.E0EXIN/ECT  % 

ECT  i 

RCUd//CtNtPRES/C,N./C|Nt/C.Ni/V.NtNOPCOb  A 
PLTSETX.PLTPAP.GPSET  S.ELSETS/NuPcUb  S 
R1*NO»COB  t 

PCUd.EQEXIN,eCT/PLTSETX.PLTPAi%,v.RSETS.tLSETi/w,N,NSlL/  V.N, 
JOMPPLOT  — l S 

NSIL. JUMpPLOT  t 

PLTSCTX//  » 

//C..<.MPy/V,N,PLTFLG/C,N,l/C.N.i  > 
//C.N.*'PV/V.N.PF1LE/C,N,0/C|N,0  » 

Pl.JOMPPLOT  t 

PLTPA'».GPSeTS,ELSETS.CASECC|BoRUT»fewtAlN.SlL..i»/PLUTXl/  V.N. 
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KIOID  fOKi-lAT  UMA^  listing 


SERIfci  N *♦* 

b«SIC  STlTtC  SUBSTRUCTURE  ANAoSlS  ♦** 

RlGlO  FUkMaT 

16  - SUBSET  ZERO 

N A $ T K 

AN  SOURCE  PROGRAM  CUMPIL'aTIUN 

OMAP 

NJ. 

’-OMAP  INSTRUCT  I')N 

N$IL/V,N,LUSeT/ViNf JUMPPUOT/V,N,PLTPL&/ViNiPf iCt  » 

25 

SAVE 

JuMPPLOT.PLTFLGtPF ILE  t 

26 

PRTMSG 

PLOTXl//  i 

27 

LAbEU 

PI  A 

28 

Ca<PNT 

PLTPARiGPSETS.ELSETS  i 

29 

C^'pT^ 

GLUM3,E0EXIN,GE0M2/SLT,o.  TT /V|  N,  i^LioKmV  » 

30 

SAVE 

NOGRAV  t 

31* 

PAKAM 

//C,N, ANO/VtN,NOMGG/ VfN.NOGRAV/ VfV ,GnOPNT=-l  i 

32 

PUKOE 

MGtotMELPfMDTCT/NOMGG  i 

33 

chkpnt 

SLT.GPTT  t 

34 

(Ta^ 

ECT,tPT,PCP0T,STL,GPTT,CSTM/E5T,oLl,uPcCT,/ViNtLuStT/  V#N 

NuSIMP/CiN.l/ViNiNOGENL/V.NfGcNcC  i 

•»  c 

r » .*r 

• (iCT*#r>APNr»r‘k.i  /“rAiri  # 

f ^ W f u • 

« w 

36 

PAHAK 

//C,N»AND/VtNtNOELMT/VfN,NUuENL/V,NtNuSlMP  $ 

37 

CONU 

EKRuRA.NOELMT  t 

36 

PURGE 

KoGXtGPST/NQSIHP/OGPST/GENEL  V 

39 

CHKPNT 

CST,GPECT,GE1,GPST,0GPST  S 

40 

OPTPKl 

MPT, tPTtfiCT 1 01 T,EST/OPTPl/Vf N» PRINT /V,N,TSTAaT/ V*N, COUNT  S 

41 

SAVE 

PRINT, TSTART, COUNT  S 

42 

CHKPNT 

OPTPl  % 

43 

JUMP 

lOUPTOP  % 

44 

LAdEL 

LOOP TOP  t 

45 

COND 

LBLl,NOS!MP  » 

46 

PARAM 

//C,H,A00/V,N,N0KGCX/C,N,1/C,N,0  » 

47 

E$T,CSTM,MPT,0IT,GE0M2,/KELM,KuiU ,McLM,MUICT , ,/V, N,  NUKGGX/ 
N,NOMGG/C,N,/C,N,/C,N,/C,Y,COuPi>USS/l,  Y,CPdAR/C,y,CPRuO/C,y 
CPQUAni/C,V,r.PQUA02/C,Y,CPT|!Ul/:,V,LPTRiA2/  C,y,CPlUeE/C, 
cPUOPLT/C,V,CP»RPLT/C,Y,CPTRdSC  $ 

■f 
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RIGID  fORMAT  JMAP  LISTING 

StkIES  N »♦*  HASK  ZTMIC  SUBSTRUCTURE  ANALTSiS  **• 

RIGID  FORMAT  16  - SUBSET  ZERO 

NASTraN  SOURCE  PROGRAM  CUMPILATION 
UMAP-OMAP  INSTkoCTION 
NO. 


SAVE 

NOKOoXfNOHGG  $ 

CHiSPNT 

kelm,koict,mecm,moict  S 

50 

CONO 

JMPKGGfNOKGGX  % 

51 

(£wa  ^ 

oPECTfKC!CT*K!:LM/KGGX,GPST  % 

52 

C-HRPNT 

XOGXfGPST  S 

53 

LAdEL 

jmPKliG  i 

54 

CONO 

JMPMGGtNOMGG  S 

55 

GPeCT,M01CT,MELM/MG6./C.N,-l/„, YtwTM«SS»1.0  % 

56 

CHt^PwT 

MGG  $ 

57 

LABEL 

JMPN\>G  i 

5b 

COND 

LbLltGROPNT  $ 

r r\ 

/*  r'A,r% 

W 

1 ' r»(  r>  ^ » 

wt%r\Oi\ 4;.  « i\t\3  At 

60 

kSGPDI.CSTM,FQFXlN,MGG/C6PhG/V,V,Oh0PM/Ci¥,hTMASS 

61 

or-p 

OGPWGt«ti<//VtNtCARONO  % 

62 

LABEL 

LbLl  % 

63 

EOOIV 

Ki>GA t KGG/ NOGENL  S 

64 

chapnt 

K.GG  * 

65 

CONO 

LBL11A«N0GENL  $ 

66 

GEI(KGGX/KGG/V(NtLUSET/VtN«NOucNL/ViNiNuSlHP  A 

67 

CHRPNT 

KuG  t 

68 

LABEL 

LBLllA  « 

69 

JUMP 

PHZBK2  i 

70 

AOO 

KGGtKGGPS/KGGT  $ 

71 

EUUIV 

KGbTtKGG/PHRSEZ  S 

72 

CHKPNT 

KGG  % 

73 

LABEL 

PHZBK2  ( 

• ? 
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RlOli)  f-UKMAT  UMAP  LISTING 

StRIfcS  N *♦»  SASlu  STUIC  SURSTRUCTuRfc  ANAuriiS  **• 

RIGIJ  f-ORMAT  16  - SUISST  ZERO 

NASTkaN  source  program  COMPILAliuN 
OMAP-JM4P  iriSlRUCTlON 
Nu« 


74 

PAR  AM 

//CtNfMPY/V.N,NSKlP/Cf NfO/CiN,U  * 

75 

JUMP 

L6L11  S 

76 

LAbEl 

LdLll  $ 

77 

LaSECC  (GrOMA«E0ExlNfSlLii}PDT/Rk»fr^tU6cTi»tScT/VtN»  LOSE  T / V t Ni 
MPCE  l/V,N,MPCF2/V,N,  SINGLE /V*NiUi-ll  I/V.Ninc  act  / V,NfNSK  IP/ V,  N, 
REPEAT/V,N,N0SET/V,Ntl'0L/V,N».,uA/C,yi4Uc.lt>  i 

78 

SAVfc 

MPCFl t HPCF2 t S INGLE t OMIT, react, NSKIP, REPEAT »NOicT,NuL»NOA  * 

79 

:,CN0 

ERRUR3,N0L  t 

8U 

PAKAM 

//C,N,ANO/V,N,NOSR/V,N,SINCLE/V,N,Ht.;tT  % 

31 

PURGE 

KrsM,KLR,OP,OM/P.EACT/GM/MPCFl/uU,KOu,cOO,Pa,OOOw,RUiJV/UMlT/PS, 
KFS,KSS/S»NGLE/(S6/NLISR  4 

82 

CHKPNT 

KKR,KLR,0°,OMy6M,CO,KCO,LOO,PO,UUUV,RUUV,PS,K<-S,KSS,OG,USET, RG, 
YS,ASET  t 

o a 

r n|kin 

L2LA,rCNCL  t 

84 

gPL,G«'ST,USET,S1L/0GPST/V,N,NJGPST  4 

85 

SAVE 

NOGPST  4 

86 

CUNt) 

LBLA,N0GPST  4 

87 

OFP 

OGPST,,,,,//V,N,CARONC  4 

88 

LABEL 

LBCA  4 

89 

EOUIV 

KGG,KNN/MPCF1  4 

90 

CHKPNT 

KNN  4 

91 

CONU 

LBL2,MPCF2  4 

92 

<SSD 

GSET,PC/GM  4 

93 

CHKPNT 

GM  4 

94 

USET,GH,KC6, ,,/KNN,,,  4 

95 

CHKPNT 

KNN  4 

96 

LABEL 

LBL2  4 

97 

EOUIV 

KNN,KFF/SINCLE  4 

I 


5 


at- 

a 

k 


IS 
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RIGIO  FORi-ImT  oMAF*  listing 

StRUS  N ***  BASIC  STSTir  SUBSTRUCTURE  ANALYSIS 
RIGID  FORMAT  16  - SUBSET  ZERO 

nastran  source  program  compilation 
omap-dmmP  instruction 


tiO. 

98 

CHRPNT 

aFF  $ 

99 

lOND 

LBLSf SINGLE  » 

100 

dciO 

USET;KNN»,f/KFF«KFS'iKSSiif  % 

101 

CHRPNT 

KFS«kSS»KFF  ( 

102 

LABEL 

LBL3  S 

103 

Eguiv 

kff.kaa/omit  i 

104 

CHKPNT 

KAA  A 

105 

CONO 

LBLStOPiT  » 

106 

<SmpQ 

USET.KFF,, ./CO.KAAf KOCtLOOi tiit  » 

107 

CHRPNT 

uJ,KA^^KC0,LC'0  $ 

108 

LABEL 

LBL5  % 

1 M 

A V « 

C wO*  V 

KAAtRLL/rC ACT  J 

110 

CHKPNT 

KLL  * 

111 

PAR  AM 

//CtNt  $UB/ViNtPHASEl/C«KiO/CiYtSUua»0  $ 

112 

COND 

i.BL7iPHASEl  $ 

113 

CGNO 

LBLbtREACT  t 

114 

(gpM&p 

OSET(KAA./KLL*KLRtKRRtf f t 

115 

CHKPNT 

KLLiKLP.KRR  i 

116 

LABEL 

LBL6  t 

117 

(^BMG^ 

KLL/LLL  i 

116 

CHKPNT . 

LLL  S 

119 

CCNO 

L8L7.RCACT  1 

120 

LLLtKLR|K*>R/OM  t 

121 

CHKPNT 

ON  » 

122 

LABEL 

LBL7  » 

123 

SLTtdGP0T.CSTN|SILtESTtHPT|CPTT«LOTtHub«<.ASECCtUlI/P0/ViNi 
LUSET/V,N,NSKiP  i 

> ^ 


J 
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MGIO  HjRMAI  uMAP  listing 

StRItS  N bASiC  STATIC  SUBSTKUCTuaE  ANAttfSlb 

RiGio  Format  lo  - subset  zero 


N A S T K 

umap-jmap  ins 

NU. 

AN  SOURCE  program  cuMPILATIJN 
f RUCTION 

12A 

JUMP 

PH2BK3  $ 

12s 

ADU 

PG#PbPS/PrT  i 

126 

kMUl  V 

PGT,Pr./*>HASE’  1 

127 

LABEL 

PH2ttA3  » 

U8 

ChKPNT 

PG  i 

129 

hOUlV 

PGiPl/NOSET  $ 

130 

chnpnt 

PL  % 

131 

CUND 

LbLlOfNOSFT  \ 

132 

USET.GM,YS#KFS*GO,OM,PG/wRf POtPS.fL  a 

133 

CMAPNT 

LRfPUfPS,PL  S 

134 

LABEL 

LbLlO  % 

f T r 

^ .r\ 

i * U>\  A t > ' J k.  i « 

136 

ULtRLL tOL«LC0|K0JtP0/ULVtUCCv*MULV,KuUV/V«Nt0HiI/ViYt IRLS 

VtNiNSKIP/ViNfERSI  % 

137 

SAVE 

EPSI  t 

136 

CHKPNT 

ULViuOOVtRUL VfRUOV  > 

139 

CCNU 

LBL9.IRES  t 

140 

MATGPR 

bPLiOSET,S!L,RULV//CiNiL  i 

141 

MATGPA 

&PL»USET,SIl,RUCV//CfNtC  $ 

142 

LABEL 

LBL4  $ 

143 

JUMP 

PHAbiU  t 

144 

LABEL 

PHIBRT  % 

143 

CONO 

SKiPfONIT  t 

146 

(gpO 

LOOi |BO/UOOVX  % 

147 

EOUlV 

UOOWX.UCOV/PMASE'  t 

146 

CHKPNT 

UUOV  S 

149 

LABEL 

SKIP  S 
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RlOlli  ^UKM^r  UMAf-  1.1STU;G 

StRltb  N ***  bASI>,  STJ.TIC  SUBSTRUCTURE  ANALYiiS  »*♦ 
RIi»IJ  fOKM^T  To  - SUBSf^T  ZCi^Q 


NASTRAN  SOURCE 
OMAP-OMmP  INSTkoCTION 


pROGRAri  Compilation 


NO. 

130 

(yoTPo^ 

ASET.KLltPLf  f//C,N,-l/C,N,0/C,Y',USklPlol  % 

l!>l 

PAHaM 

//CtNiADO/V*N,PHAS£3/C.NiO/CtNt-l  » 

/ULVa,, f ,/C. Yf SUB10/C,YtUNlT/CtYf Ui\TPlo2  » 

153 

bOUlV 

ULVXiULV/’HAS£3  % 

154 

CHKPNT 

ULV  » 

155 

LABEL 

PH36K1  t 

13to 

(jOnO 

UbET  tPGtULVtUOOV|YStGOiGM,P$,Af S.kS^iWK/UuV>PGGioG/V,N,NSaIP/ 
CiNt^kTATICS  t 

157 

CMKPnT 

UGVfPGG  S 

158 

CUNO 

LBL8.'’EPEAT  S 

15V 

RtPT 

LbLUflOO  i 

160 

JUMP 

LRRORl  t 

161 

PAR  AM 

//CiNiNOT/V,N,TEST/V,N. REPEAT  » 

CONU 

ERROR?tTEST  » 

163 

LABEL 

LBLB  » 

164 

CHKPnT 

oG  t 

16> 

JUMP 

PH2BAA  » 

P^JATAttUGV//  » 

167 

LAdbL 

PH2BKA  1 

168 

CASECCiCSTMtMPT,01TiECEXIK«SlLtv»PTTicUTii>GPUT,,MCtUoVtEST(iPC&/ 
CPGl«U0OliOUGVliOESliOLFItPUGVl/CiNt»TAIU&  A 

169 

CONO 

LbLUPP, COUNT  1 

170 

UPTPR2 

UPTPliOESliEST/OPTP2tESTl/V,N|pKiNT/VtNilATAU/V,N«CUUNT  $ 

171 

EOUlV 

E$Tl,EST/COUNT/PPTP2tOPTPl/CCUNT  > 

172 

CONU 

l.OOPtNOtPRlNT  $ 

173 

LABEL 

LBLOFP  1 

174 

PAkAH 

//CtN«MPY/ViNtCARDN0/CtN,0/C*Ni0  A 
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KIGIO  DMAH  listing 

SERIES  N *«*  PASIC  STATIC  SUBSTRUCTURE  ANAlV:>1S  «•* 

HluIU  EuRrtAT  lo  - SUBSET  ZERO 

NASTRmN  SOURCE  program  bUHPlLATluN 
t4HAP'*iMAP  1NST>;UCT|CIN 


NJ« 

175 

JFP 

UUGVItOPGl«OOGl,OEFltOESTt//VfNtCAi‘U>^o  t 

176 

SAVE 

larono  t 

177 

CONO 

PZiJONBPCOT  » 

170 

(gToO 

PETP..'>«GPSETS.ELSETS«CASECCtepPUT.E«LAlNi»IC,PuovlifCPECT(OcSl/ 
PLOT A’/V.N,VS!L/V,N,LUSET/V,N,JuMf'PEul/W|NiPLTELo/WiNi PULE  * 

179 

SAVE 

PFUE  t 

180 

PRTMSO 

PLOIA’//  A 

101 

LA6EL 

P2  » 

102 

IA0EU 

LOUP END  » 

103 

CONO 

FINIS.COUNT  % 

106 

KEPT 

LOOPTOPtlOO  % 

185 

JUMP 

FINIS  i 

106 

CApEL 

EitKOR^  » 

107 

PRTPAfiH 

//CtNf-l/CtN. STATICS  » 

108 

LAbEt 

ERROhT  « 

109 

PA7PAAH 

//C«H.-2/r*N«STATICS  % 

190 

LABEL 

ERROR?  » 

191 

PRtPARM 

//C«N.>?/r,N«STATlCS  t 

192 

LAttEL 

IRRORA  t 

193 

PATPmaK 

//CtNt-A/CtN.STATICS  t 

196 

LAttcC 

ERRUk*  i 

195 

PRTPARH 

//C.N.-R/C.N, STATICS  $ 

196 

CAbEL 

FINIS  » 

197 

iHO 

S 

»*NU  ERRORS  FOUND  - EXECUTE  NAS1RRN  PMUGAAN** 
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6. 

10. 

13. 

17. 

18. 
20. 

23. 

24. 
26. 
29. 
34. 
37. 
40. 
4S. 
47. 

50. 

51. 

54. 

55. 

58. 

59. 

60. 
61. 

63. 

65. 

66. 


3A6 


Description  of  DMAP  Operations  for  Basic  Static  Substructure  Analysis 

SSMA  analyzes  and/or  generotes  coupling  data  and  forms  couplsd  substructure  matrices 

[kP*]  and  {pP*}. 

99  9 

GPl  generates  coordinate  system  transformation  matrices*  tables  of  grid  point  locatior, 
and  tables  for  relating  internal  and  external  grid  point  i^umbers. 

6P2  generates  Element  Connection  Table  with  internal  indices. 

Go  to  DMAP  Flo.  27  if  no  plot  package  is  present. 

PLTSET  transforms  user  input  into  a form  used  to  drive  structure  plotter. 

PRTMSG  prints  error  messages  associated  with  structure  plotter. 

Go  to  DMAP  No.  27  if  no  undeformed  structure  plot  request. 

Pl^T  generates  all  requested  undeformed  structure  plots. 

PRTMSG  prints  plotter  data  and  engineering  data  for  each  undeformed  plot  generated. 

GPS  generates  Static  Loads  Table  and  Grid  Point  Temperature  Table. 

TAl  generates  clement  tables  for  use  in  matrix  assembly  an<  stress  recovery. 

Go  to  DMAP  No.  192  ind  print  error  message  if  no  elen^.tts  have  been  defineJ. 

^PTPRl  property  optimization  module  for  Level  16. 

Go  to  DMAP  No.  62  If  there  are  no  structural  elements. 

EHG  generates  structural  element  ti^itrlx  t«aies  and  dictionaries  for  later  assembly. 

Go  to  DMAP  Mo.  53  if  no  stiffness  matrix  Is  to  be  assembled. 

EMA  assembles  stiffness  matrix  ['<*^3  and  Grid  Point  Singularity  Table. 

Go  to  eWAP  No.  57  If  no  mass  matrix  Is  to  be  assembled. 

EMA  assembles  mass  matrix 

Go  to  DMAP  No.  62  If  no  weight  and  balance  request. 

Go  to  DMAP  No.  188  and  nrint  error  message  If  nc  mass  matrix  exists. 

GPWG  generates  weight  and  balance  information. 

0FP  formats  weight  and  balance  Information  and  places  it  on  the  system  output  file  fo>^ 
printing. 

Equivalence  to  general  elements. 

Go  to  DMAP  No.  68  If  no  general  elements. 

SMA3  adds  general  elr.*  .ts  to  to  obtain  stiffness  matrix 

fia  Ujg]  tllgj]  to  fom 
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Equivalence  to  [Kg^]  it  coupling  phase. 

Go  to  next  DW  instruction  if  cold  start  or  modified  restart.  LBL11  wi11  be  altered  by 
the  Executive  System  to  the  proper  location  inside  the  loop  for  unmodifieo  restarts  withir 
the  loop. 

Beginning  of  Loop  for  additional  constraint  sets. 

GP4  generates  flags  defining  members  of  various  displacement  sets  (USET),  forms  multipoint 
constraint  equations  [R„]{u  } = 0 and  forms  enforced  displacement  vector  (Y  }. 

Go  to  OMAP  No.  190  and  print  error  message  if  no  independent  degrees  of  freedom  are  defined. 
Go  to  DMAP  No.  88  if  general  elements  present. 

6PSP  determines  if  possible  grid  point  singularities  remain. 

Go  to  OMAP  No.  88  if  no  Grid  Point  Singularity  Table. 

PFP  formats  the  table  of  possible  grid  point  singularities  and  places  it  on  the  system  output 
file  for  printing. 

Equivalence  [*^gg]  to  if  no  multipoint  constraints. 

Go  to  DMAP  No.  96  if  MCEl  and  MCE2  have  already  been  executed  for  current  set  of  multipoint 
constraints. 

MCEl  partitions  multipoint  constraint  equations  [R  ] = ‘ R-]  and  solves  for  multipoint 


constraint  transformation  matrix  [G^]  = 

^ m*^  m n 


, 9*"  ‘■min-' 

■’lu- 


MCE2  partitions  stiffness  matrix 


V — 

I 

and  performs  matrix  reduction 

[’v.ni  ■ to  • [tiitiw?  • lOty  * 

Equivalence  to  if  no  single-point  constraints. 

Go  to  DMAP  No.  102  if  no  single-point  constraint:. 

SlEl  partitions  out  single-po^nt  constraints 


Equivalence  [K^^]  to  [K^^]  if  no  omitted  coordinates. 
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105. 

106. 


Go  to  DMAP  No.  108  if  no  or’ntted  coordinates. 
SMPl  partitions  constrained  stiffness  matrix 


[Kff] 

solves  for  transformation  matrix  [6^] 

0 

and  performs  matrix  reduction  [K  .] 

aa 


* _ 

K i 

K 

aa  , 

1 

ao 

» 

K 

K 

oa  1 

00 

109.  Equivalence  to  if  no  free-body  supports. 


112.  Go  to  DMAP  No.  122  if  initial  substructure  data  reduction  (Phase  I). 

113.  Go  to  DMAP  No.  116  if  no  free-body  supports. 

114.  RBMGl  partitions  out-free  body  supports 


rJ,  : ■'rr 


rvr.aa/'n  j - -i  *t 

IVk/iiMU  UC\.VMi|JUOC>  ^1  a I MCU  lliOi.llA 


119.  Go  to  DMAP  No.  122  if  no  free-body  supports. 

120.  RBMG3  forms  rigid  body  transformation  matrix 

[0]  = 

calculates  rigid  body  check  matrix 

[X]  - [K^^]  + [kJ,][D]  , 
and  calculates  rigid  body  error  ratio 


c 


• 123.  SS61  generates  static  load  vectors  {P^)  . 

125.  Add  {Pg}  and  {Pp  to  form  {Pg®^*h  * 

126.  Equivalence  to  {Pg>  If  coupling  phase. 

129.  Equivalence  {Pg)  to  {P^}  If  no  constraints  applied. 
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132.  SSG2  applies  constraints  to  static  load  vectors 


'V  • • 

O 

m 


(P^r)  = {Pf}  - [Kfs]{Ys)  . 


{p-}  « , {PI  - (P J + [G']{P„)  , 


{P.}  - _ 


and  calculates  determinate  forces  of  reaction  {q^}  * *{Pp)  - [0^]{Po). 


Go  to  0(WP  No.  144  If  intial  substructure  data  reduction  (Phase  I). 
SSG3  solves  for  displacements  of  independent  coordinates 


(»,)  ■ W„3-'<V  , 

solves  for  displacements  of  omitted  coordinates 

Calculates  residual  vector  (RULV)  and  residual  vector  error  ratio  for  Independent  coordinates 

{4Pj)  . {P^}  - CK^j^3{0j}  , 


. 


{u;>«pt) 

*•  ■ (fjHV 

tor  (WiV)  and  residual  vector  error  ratio  for  omitted  coordinates 

’ • <v-ck^k«;>  . 
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139. 

140. 

141. 

145. 

146. 


147. 

150. 

152. 

153. 
156. 


158, 

159, 

160, 


“ IpJXu”) 

Go  to  OMAP  No.  142  If  residual  vectors  are  not  to  be  printed. 

MAT6PR  prints  the  residual  vector  for  independent  coordinates  (RULV). 
MATGPR  prints  the  residual  vector  for  omitted  coordinates  (RU0V). 

Go  to  DMAP  No.  149  if  no  omits. 

FBS  solve  for  displacements  of  the  omitted  coordinates 


Equivalence  {u^^}  to  {u®}  if  initial  substructure  data  reduction  (Phase  I). 

0UTPUT1  write  a user  file  on  INPT  containing  analysis  set  information,  and  {P^} 

UDBR  recover  {uj}  from  coupling  phase  user  file  for  substructure  SUBID  (Phase  III) 


Equivalence  {u^}  to  {u^^}  for  substructure  data  recovery. 
SORl  recovers  dependent  displacements 


a 

\ — 


= {u^} 


{Up}  « [6p]{Up)  + {uj>  . 


{u„}  . 


{Ug>  . 


and  recovers  single-point  forces  of  contraint 

{q^}  - -{Pj}  + [kJjKu^}  + CK„]{Yj}  . 


Go  to  DHAP  No. 
Go  to  DMAP  No. 
Go  to  OMAP  No. 


163  if  a11  constraint  sets  have  been  processed. 

H If  dddulonal  sets  of  constraint  nee  to  be  processed. 
186  and  print  error  message  if  number  of  loops  exceeds  100. 
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%.  . 


162. 

166. 

168. 

170. 

172. 

175. 

177. 

178. 
180. 

183. 

184. 

185. 
187. 
189, 

191. 

193. 

195. 


Go  to  OflAP  No.  194  and  print  error  message  if  multiple  boundary  conditions  are  attempted  with 
improper  subset. 

SSVE  partitions  {u^}  into  substructure  solution  vectors  and  forms  user  file. 

SDR2  calculates  element  forces  and  stresses  (0ES1,  0ES1)  and  prepares  load  vectors,  dis- 
placement vectors  and  single-point  forces  of  constraint  for  output  (0P61 , 0UGV1 , PU6V1 , 

PQ61). 

0PTPR2  property  optimization  module  for  Level  16. 

Go  to  0M4P  No.  182  if  no  property  optimization  print  control, 

PFP  formats  tables  prepared  by  SDR2  and  places  them  on  the  system  output  file  for  printing. 

Go  to  DMAP  No.  181  if  no  deformed  structure  plots  are  requested. 

PL0T  generates  all  requested  deformed  structure  plots, 

PRTMSG  prints  plotter  data  and  engineering  data  for  each  deformed  plot  generated. 

Go  to  DMAP  No.  197  if  property  optimization  looping  is  finished. 

Go  to  DMAP  No.  44  if  property  optimization  looping  is  not  finished. 

Go  to  DMAP  No.  197  and  make  normal  exit. 


STATIC  ANALYSIS  ERR0R  MESSAGE  N0. 

STATIC  ANALYSIS  ERR0R  MESSAGE  N0. 
TI0NS, 

STATIC  ANALYSIS  ERR0R  MESSAGE  N0. 
STATIC  ANALYSIS  ERR0R  MESSAGE  NJ). 
STATIC  ANALYSIS  ERP0R  MESSAGE  N0. 


1 - ATTEMPT  T?  EXECUTE  M0RE  THAN  100  L00PS. 

2 - MASS  MATRIX  REQUIRED  F0R  WEIGHT  AND  BALANCE  CALCULA- 

3 - N0  INDEPENDENT  DEGREES  (5F  FREEDOM  HAVE  BEEN  DEFINED. 

4 - m ELEMENTS  HAVE  BEEN  DEFINED. 

5 - A L00PING  PROBLEM  RUN  0N  N0N-LMP1NG  SUBSET. 
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RIGID  FORMAT  DMAP  LISTING  FOR  S0L  16,  (1,7, 8, 9) 
STATIC  SUBSTRUCTURE  ANALYSIS  PHASE  I 


Subset  1 of  Rigid  Format  16  reduces  the  rigid  format  to  a DMAP  sequence 
which  solves  Phase  I of  static  substructure  analysis.  No  new  modules  of 
interest  are  included.  0UTPUT1 , DMAP  No.  150,  is  used  to  transfer  the  reduced 
boundary  matrices  onto  User  Files  from  which  they  are  recovered  in  Phase  II. 
The  compilation  listing  of  this  DMAP  sequence  constitutes  the  remainder  of 
this  Appendix.  Subsets  7,  8 and  9 remove  non-essential  capabilities  for  the 
purposes  of  this  presentation.  These  capabilities,  which  may  be  utilized  if 
desired,  are: 


Subset  Capabi 1 i ty 

7 Structure  plotter 

8 Grid  Point  Weight  Generator 

9 Property  optimization 

Appendix  A contains  a full  listing  of  Rigid  Format  16. 
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R1&I3  FORMAT  CiMAP  USTIM5 

SERIES  N **•  bASIk.  STATIC  SUBSTROCTUkE  ANAUYSiS  •** 

RICIO  FORMAT  16  - SUBSET  ONE,  SEVEN,  EIGHT,  Mif.c 

nastran  source  program  compilation 

OMAP-OMAP  INSTRUCTION 
NO. 


1 

BEGIN 

NO.lo  BASIC  STATIC  SUBSTRUCTU^E  ANALYSIS  - Si.KILS  N » 

2 

FILE 

LLL=TAPE  $ 

10 

GEOMI , GE0*^2  , /GPL,EQEXlN,GPOT,csTM,ooPUT,SIL/V,N,LUSET/  V,N, 

NOGPOT  ( 

11 

SAVE 

LUSET  $ 

12 

CHrPNT 

GPL,EOEXlN,GPOT,CSTM,BGPOT,SlL  * 

13 

GtOH2,EQEXIN/ECT  & 

14 

CHKPNT 

ecT  » 

29 

<SE£^ 

G£0M3,E3EXtN,GE0M2/SLT,GPTT/V,N,N0ORrtV  * 

30 

SAVE 

NOGRAV  S 

31 

PARAM 

//C,N,ANOXV,N,NOMGG/V,N,NOGRAv/V,  Y,i,KOPUT«-l  $ 

32 

PURGE 

MG&,MELM,MDICT/N0MGG  > 

33 

CHRPNT 

SLT.GPTT  $ 

34 

EL T, EPT, BGPDT, SIL, GPTT,CSTM/EbI,bcl,i,P ECT, /V.H, LUSET/  V,N, 

N0SIMP/C,N,1/V,N,N0GENL/V,N,GcNcL  S 

35 

SAVE 

nosimp.nogenl.gfnel  » 

36 

PARAM 

//C,N,ANO/V,N,NOELHT/V,N,NOGENL/ V»N,NUS1MP  » 

37 

CONO 

ERRORA.NCELMT  t 

3a 

PURGE 

RGGX,GPST/NOSIHP/OGPST/GEKEL  S 

39 

CHRPNT 

EST,GPECT.GEI,GPST,OGPST  S 

45 

CONO 

ULliNCSIMP  % 

46 

PARAM 

//C,N,A00/V,N,N0KCGX/C,N,1/C,N,0  t 

47 

cgso 

tST,CSTM,MPT »0IT,GE0M2»/ReLM,ROlcT ,MELM,hulLT, ,/V,N,N0R6GX/  V, 
,NOMGG/C,N,/C»N,/C,N,/C,V,CQuPMASS/b» Y,Cpbmr/C, Y,CPrOO/C, V, 
C.'«UA01/C,Y,CPliUA02/C,Y,CPTRlAl/C,Y,LPTklA2/  C,  Y ,CPT03E/C  , Y, 
CPWOPLT/C, y,CPTPPLT/C,y,CPTR6SC  * 

46 

SAVE 

N0KGGX,N0M6G  t 

49 

CHRPNT 

KELM,K0tCT,HELM,M01CT  » 
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P.ICIU  FOriMAT  UMAP  LISTING 

SERIES  N •••  EASIC  STMir  SUBSTRUCTURE  AKALTSiS 

hlblU  EORrtAT  16  - SUBSET  ONEi  SEVEN,  EIGHT,  MnE 

NASTRaN  SOURCE  PROGRAM  CUMPlLATIUN 
OMAP-UMAP  INSTRUCTION 
NU. 


50 

CONO 

51 

52 

chxpnt 

53 

LABEL 

54 

CONO 

55 

<|m^ 

56 

cmkpnt 

57 

LABEL 

62 

LABEL 

63 

EQUIV 

64 

chkpnt 

C S 

66 

<i^D 

67 

CHKPNT 

68 

LABEL 

74 

PARAM 

77 

78 

SAVE 

79 

CONO 

80 

PARAM 

81 

PURGE 

82 

CHKPNT 

83 

CONO 

84 

(bPSP^^ 

jMPKOGfNOKGGX  i 
GPECT,K0ICT,KELH/KGGX,GPST  $ 

KGGX,CPST  $ 

jmprgg  % 

jMPMGGtNOMGG  $ 

GPeCT,M01CT,MELM/MGG,/C»N,-l/,.,r,«TMASS»1.0  $ 

MGG  S 
JHPMGG  t 
LdLl  $ 

kGGX,K6G/N0GENL  $ 
kgG  % 

GEItXGGX/KGG/V,N,LUSET/V,N,NOuENL/V,i„NUSlHP  $ 

XuC  A 
loLUA  % 

//t,N,MPY/V,M,NSKlP/C,N,0/C,N,0  * 

tAScCC.GEOMA.EQEXlN, SIL,GPOT /RG,YS,UitT ,AStT/V,N, LuStT/  V,N, 
MPCF 1/ V, N, HPCF2/ V,N,  SINGLE/ V,i»,UM1T/V,N,rchLT/v,N,,«SMP/V,N, 
REPEAT/VtN, NOSET/ V,N,NQL/V,N,NuH/C,V,$Ublu  > 

HPCFl, HPCF2, S INGLE, OH IT, RE ACT, NSxiPiKtPEMT, NOSET •NOLiNOA  S 

ERKUR3,NOL  t 

//C,N, AND/ V,N,NQSR/V,N, SINGLE/ V,N,RbuCT  i 

RAR,KLR,OR,OM/REACT/GM/MPCF1/GO,xUU,LUU,PU,UOUV,RUOV/OH1T/PS, 
KFS.KSS/SINGLE/QG/NOSR  > 

KRR,ILLR,QR ,0M,GM,G0,  KCC,LOO,Pu,UOOV,KUUV,PS,KFS,X$S»bG,USET,FG, 
VS, ASET  % 

« 

LbLAtCENEL  t 

gpl,gpst,uset,su/ogpst/v,n,nogp$i  a 
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RiaiJ  FOR.HAI  liMAP  LISTING 

SfcRies  N **♦  bask  static  sijbstp.iictl.re  analysis 

KI»»IU  FOKKiaT  1b  - subset  ONEt  StVfcNi  EIGHT,  wj  i<t 

NASTKAN  source  PftOGRArt  wumPIL’aTION 
UMAP-UHaP  instruction 


NJ 

• 

65 

SAVE 

nugpst  % 

66 

CONO 

LBLA.NCGPST  S 

87 

OPP 

UGPST,,,,,//V,N,CARONO  $ 

88 

LABEL 

LBLA  t 

89 

EuUlV 

KGG,KNN/M0CF1  t 

90 

CHKPNT 

K.iN  ' S 

VI 

CONU 

LBL<;,MPCF7  S 

92 

CgcIQ 

USET,RG/G-^  i 

93 

CHKPNT 

GH  i 

94 

^ceQ 

USET ,GM ,KCG, , , /KNN, , , i 

95 

CHAPNT 

KNN  A 

'.ABEL 

L BL  2 A 

97 

EOUlV 

Ki<tN,KPF/StNr  l.E  $ 

V8 

CHKPNT 

KFF  i 

99 

CCNO 

LBL3,S1NGLE  S 

100 

d'CfcO 

USETtKNN,, ,/KFF,KFS>  SS,,, 

101 

CHKPNT 

KFSfKSSiKFF  % 

102 

LABEL 

LBL3  t 

103 

EOUIV 

KFF,kAA/RM1T  $ 

104 

CHKPNT 

KAA  » 

105 

conu 

LBLStOHIT  t 

106 

<|mp^ 

USET  fKFF,, ,/GO,KAA,KCC,LOO 

107 

CHKPNT 

GU,KAA,KOO,lCn  t 

1U6 

LABEL 

LBLS  t 

109 

EOUlV 

KAA.KLL/REACT  % 

110 

CHKPNT 

KLL  i 
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kIGIU  fUKMAT  U-<aP  list  INC 

SEKIbS  N bMSiC  STATIC  SUfISTFUCTURE  ANAi.ViiS 

KIGIi)  FURMAT  16  - SUBSET  ONE,  SEVEN,  EIGHT,  NINE 

NASTAAN  SOURCE  PRCGRAN  cUHFILATIGN 
OHAP-UMAP  INSIKUCIION 


NU 

III 

PAR  AN 

//C,K, SU9/V,N,PHAS£l/C,N,0/C,Y,SUolu=0  i 

112 

CONU 

LBL7,PHASE1  $ 

113 

CUNO 

LBL6, REACT  t 

114 

(gbNGr) 

USE  T , K A A , / KLL  , KL  R,  KR  R , , , S 

115 

ChnPNT 

KLL,KLR,KRR  » 

116 

LABEL 

L9L6  $ 

117 

KLL/LIL  » 

118 

CHKPNT 

LLL  % 

119 

CGNO 

LBL7, REACT  » 

120 

KbHG3 

LLL»KLR«KRR/OM  % 

121 

CHKPNT 

CM  > 

122 

LADCL 

edl7  i 

123 

CIbgO 

SLT,BC.POT,CSTM,SlLtESTiMPT,GPTT,cCT,M(«G,LASLCCtun/PC/VtN, 
LUStT/V»N,NSMP  t 

128 

CrtKPNT 

PC  $ 

129 

EQUlV 

PCtPc/NOSET  » 

130 

CHKPNT 

PL  i 

131 

CCNU 

LbLlO.NOSET  t 

132 

cssgT:> 

UScT,GM,YS,KFS,GO,OM,PG/GR,POiP$,PL  » 

133 

CHKPNT 

cR,PU,PS,PL  t 

134 

LA6&L 

LBLIO  t 

145 

CONO 

SK|P,0“IT  % 

140 

ctlO 

LOOtiPO/UOOVX  $ 

147 

EQUIV 

UOOVX.UOOV/PHASEl  » 

148 

CHKPNT 

COCV  * • 

149 

LA8EL 

SKIP  t 

150 

(guTPu^ 

ASET  *XUtPLt»//C.N,-l/C.N,  0/C.  ViUSkTPIUI  » 
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RIGID  FORtlAT  UMAR  LISTING 

StRUS  N bASiC  static  SUBSTRUCTUHfc  ANALYilb 
RIGID  format  Iu  • SUBSET  ONEi  SEVEN,  EIGHT,  N,NL 

NASTKAN  SOURCE  PROGRAM  CUMPlLATIuN 

OMAP-OMAP  instruction 

NO. 

les  JUMP  FI.41S  i 

laa  LABEL  ERKOR2  t 

prtparm  //c,n,-2/c,n, statics  $ 

190  LABEL  EKR0R3  % 


191  PRTPARN  //C,N,-3/C,N,STAT1CS  « 

192  LABEL  ERRORA  S 


19B  prtparm  //C,N,-A/C,N, statics  % 
196  label  FlNIb  % 


197  END 


»«N0  cRRUKS  FOUND  - EXECUTE  NASTRAN  PRUuRaM** 
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RIGID  FORMAT  DMAP  LISTING  FOR  S0L  16,  (2,6  ,7,8,9) 
STATIC  SUBSTRUCTURE  ANALYSIS  PHASE  II 


Subset  2 of  Rigid  Format  16  reduces  the  rigid  format  to  a DMAP  sequence 
which  solves  Phase  II  of  static  substructure  analysis.  The  new  modules  of 
interest  are  SSMA,  the  Substructure  Matrix  Assembler,  DMAP  No.  6,  and  SSVE, 
the  Substructure  Vector  Extractor,  DMAP  No.  166.  The  compilation  listing  of 
this  DMAP  sequence  constitutes  the  remainder  of  this  Appendix.  Subsets  6,7, 
8 and  9 remove  non-essential  capabilities  for  the  purposes  of  this  presenta- 
tion. These  capabilities,  whi.h  may  be  utilized  if  desired,  are: 

Subset  Capability 

6 Checkpoint 

7 Structi'»*e  Plotter 

8 Grid  Point  Weight  Generator 

9 Property  optimization 


Appendix  A contains  a full  listing  of  Rigid  Format  16. 
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RIGIJ  f-URHAT  UMAP  listing 

SERlfcS  N tASIC  STATIC  SUBSTRUCTURE  ANALYSiS 

RlGlU  EUKHaT  lo  - SUBSET  TmO.  SlXi  SEVEN*  lIuHT  * .vtNc 

NASTkAN  SOURCE  PKCGRAH  uUMPiLATION 
OMAP-UMAP  instruction 
NO. 


1 ttEGlN 

2 FILE 

3 File 

5 PARAM 


11  SAVE 

12  CHRPNT 

13  QPZ  ^ 

29  C0_P3 

30  SAVE 

31  PARAM 

32  PURGE 

34  <Xa1  ^ 

35  SAVE 

36  PAKAH 
36  PURGE 

45  CUNO 

66  PAHAM 

6?  Ceng  ^ 

46  SAVE 


NU.16  BASIC  STATIC  SUdSTRUCTUnt  hNALY^IS  - ScKlcS  N 6 
LLL-TAPE  % 

wG-MPPENO/PGG'APPENO/UGVAPPENw/GM-SAVE/xNN-bAVE  » 
//CtU«AOO/VtN.PHASE2/C*NtO/CiNt-l  » 

ufcOHAtUFTABLE/KGGPS*  * * * PuPS* PSUaIA/l*  Y * FKTuPT/Ci Y t GENSAME/  VtN* 
Lusei  t 

LUSET  % 

GEOMl.CROH2t/GPL*EOEXIN«GPOT.CSTM*dGPOI*'  . /ViNiLOSET/  ViNt 
NUGPUT  i 

LOSE!  % 

0PLtE0EXIN*6PDT,CSTH*BGP0T«SlL  A 
bcUM2,E0EXlN/ECT  > 

GtOh3.EO€XlN.6EO«/SLT.f.PTT/V,N.»...G*J.V  * 

KUCRAV  t 

//CiN*ANO/VtN,NCHGG/V*NtNOGRAV/V*VibFuPNT«-l  > 
P.GG«HELM*>*OICT/NOHCG  i 

ECT.£»T,9CP0T.SIL,GPTT.CSTH/EST.GtliuPELTt/V|NtLOSET/  V|N| 
NUSIHP/CtN*l/V«N*NOGENL/VtNiGiRcL  A 

NUSIHP.KOCENLtGENEL  t 

//LtNtANO/V|NtNOELHT/V|N.NOCEt«A/VtNiNUSlMP  A 
RGGXtGPST/NOSIMP/OGPST/CENEL  A 
l6LliN''StMP  t 

//C(.«t4DO/V»NtNOKCCX/CfNil/CtN»0  A 

cST*CSTM,NPr,C|T,CEOM2t/RELP>RulLTfntLM«MuILT ii/V*N*NOAGGX/  Vi 
KiNO.i'IG/CiNt  YCtN»/C»N*/C*  YtC0uP>4ASS/L»  VilpOMK/k.|V  ilPkUU/C.  Yi 
CPUUAOl/C*Y*CP0UA02/CtVtCPTR|Al/ktV*.PTRlA2/  C* V *CPlUbE/Ci Y • 
CPwUPLT/Ct V«CPTRPLT/C*V*CPTRbSw  A 

NURGGXtNUMGG  t 
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RIGID  fORMAT  u.iAP  LISTING 

ScKltS  H b~Sa  ST4TIC  SU’tSTRUCTuRL  ANAttiii 

RIGID  fORMAT  l6  - SUBSET  TrO,  Six,  SIVEN,  tl,.iT,  .^INc 

NA'TRAN  sour  r.  6 PROGRAM  cumpiu'atiun 
ONAf*-uMAp  INSTROtTiON 
ND. 


5D  CUnD 


»3  lAdEL 


JMPauCmNOxGGX  S 


51  (|ma'2)  gPECT.aDICT.RSLM/kGOX.CPST  % 


JMPXGG  * 


SA  COoD 


JMPMGG.NOMGG  » 


55  (feMA~^  UPfcCT,MOKT,K?lM/MuG,/C,N,-l/w»TtATM-.SS«1.0  » 


5 7 LAbEk. 


a2  LAdkL 


A3  eUJlV 
o5  CUNO 


66  OMA3 


6a  lAdEL 


71  EDUlV 
76  PARAM 

75  JUMP 

76  LAdEL 

77  (SfT^ 


7a  S4Vfe 
79  COSO 

60  PARAM 

61  PURGE 


jmpmgg  » 


LBLl  i 


RGGX,XGG/K0GENL  I 
LdLllAfNOCENL  » 

uEltRGGX/)<GG/V,N,lUS£T/V,N,NUue»l./  V,N,NuSlMM  S 
LBLllS  * 

RGG # kGGP S/ XGGT  * 

RGGItKCG/PHASEZ  i 
//CfN,PPY/V,M,NSRlP/CiN,0/C«MtO  A 
ULll  » 

LbUl  I 

CASECC,GE0M6tE0rXlN,SU,GP0T/nGttS,UstT,AScT/VtM,LU6lT/  V,N, 
NPCE1/V,N,MPCF2/V,N,  SINGLE /V,. 4.  DM4  T/W,N(kkAU/W,M*NSAlP/V,N, 
MLPfcAT/V, MINDSET/ V,S,NCL/ViK,i'iUM/L>Y I SUblD  • 

MPCM  tMPCP2«S  INGLE  »OMI  T,  RE  ACT,  NSRiP*Mt:P|.Al*r4USET«MuLiN0A  6 
ERRUR5,N01  t 

//C,N, AND/ V,N,Nf)SR/Y,N,S INGLE/ VtNtKfcMCT  6 

KRR,ALP4GR,OM/RfACr/GM/MPCPl/wU,AUU,LOU,Pw,UOOW.HUOtf/bM11/PS, 
KPS,ASS/SIN3L£/OG/NOSR  6 


A«.G,KNN/MPCP1  « 
L6L2iMPCf2  t 
US£»'«PG/r.M  I 


«6  (i<ce7!>  USEI.&M,«GC,,,/KNN,,,  % 


69  EUUlV 
91  CONU 


92  VCcl 
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kl&lJ  t-QRMn.T  uMAP  listing 

SEtUfcS  N ***  BASIC  STATIC  SU3STPUCTURE  ANALYSiS 

RIGIC  format  16  - S»9S€T  TwOt  SlXi  SEVENt  laGHT,  NliAt 

NASTkAN  SCUkCE  PROGRAM  COMPlLATiUN 
OHAP-UMAP  U<.SThOCTIl''N 
NO. 


96 

LA  Dl  l. 

LBL2  $ 

9? 

EWUIV 

KNN.iLFFASINGLE  t 

99 

CONO 

LbLStSINGLE  $ 

luo 

(|ciO 

USET,KNN,tf/KFF,KFS,KSSttt  S 

102 

LAuEL 

LBL3  » 

103 

EQUIV 

KFFiILAA/OMIT  t 

103 

CONO 

L6L5.0MIT  t 

106 

CsmpQ 

OSET tKFF,, t/GOtXAA«KCCtLOU«,ti.  S 

108 

kAGEL 

LBL5  t 

109 

EOUl  V 

RAAiALL/REACT  > 

a13 

.ONO 

LBL6.REATT  $ 

114 

^onGp 

bScT  iKAnf/* KLLf  KLkf  Rkk  • 1 1 * 

116 

LABEL 

LBL6  t 

117 

KLL/LLL  $ 

119 

CUNU 

LBLTi'tEACT  $ 

120 

<g6MG|> 

LLL. ALRtKRR/OM  » 

122 

UAocL 

LBL7  % 

U3 

SLT,BGP0TtCSTM«SIL«EST»HPTtGPTTituT«MGGtCASLCC«01T/PG/V,Nt 
LUSET/VtNtKSlCTL  $ 

125 

A 00 

PG*PGt>S/P6T  % 

126 

cOUlV 

PiT»PG/PHASE2  $ 

129 

EOUIV 

PGtPL/MOSET  $ 

131 

COM' 

LeLlGtNOSET  \ 

132 

ds^ 

USETiGM,YS«KFS|GOiOM«PG/QRtPOiPSiPL  S 

134 

LABEL 

LBLIO  t 

136 

C^sgT^ 

LLLiKLL«PLtLCQiKOOiPO/ULV.UCCyiKULV«KUOV/ViN|UHlT/V|V,tRES*~t/ 
VfNiNSKIP/V*N,EPSI  » 

•* 


* 

■* 
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1 


RI&IO  fORMAl  uMA»»  LISTING 

ScRlcS  N •••  BASIC  STATIC  SU3STKUCTURE  ANALVSiS 
RIGIU  fUKMAT  16  - SUBSET  TwOt  SUf  SEVEN,  clGrtT,  ,4iN£ 

i4AStran  source  prooran  compilation 

OMAP-OMAP  INSTRUCTION 


NU. 

137 

SAVc 

EPSI  S 

139 

CUNO 

LBL9,IRES  t 

1^0 

matgpr 

GPL,USET,SIL,RULV//C,N,L  t 

141 

MATGPK 

GPL.USET,SIL,RU0V//C,N,0  > 

142 

label 

L6L9  1 

136 

Gori^ 

OSET,PGtULV,UOOV,YS,GO,GM,PS,AFS,KSS,vR/OuV,PGG,OG/V,N,NSlUP/ 
C»N, STATICS  $ 

156 

CUNO 

LBLB, REPEAT  $ 

159 

REPT 

LBLllflOO  $ 

160 

JUMP 

ERRURI  t 

161 

PARAM 

//C,N,NQT/V,N,TEST/V,N, REPEAT  > 

162 

cono 

ERROR*, test  S 

163 

LABEL 

LBL8  % 

PSUaTA,,UGV//  % 

16B  (guK2^  CASfcCC,CSTM,NPT,01T,EOEXIN,SlL,CPTT,cOT,UCPoT, ,0G,UUV,EST,,P6G/ 
OP61,OOG1,OUGVl,OESl,OEFl,PUGVi/C,N,jlATiCS  * 

17A  PARAM  //C,N,MPY/V,N,CAR0NU/C,N,0/C,N.0  S 

173  OFP  UUGVl,OPGl,OQGl,OEFl,aESl,//V,.M,cAkui^O  $ 

176  SAVE  CaRONO  f 

183  JUMP  FINIS  S 

186  LA.-EL  EKRURI  $ 

187  PRTPARK  //C, N, -1/C, N, STATICS  t 

188  LABEL  EkRURZ  t 

189  PkTPARM  //C, N, -2/C ,N, STATICS  t 

190  LABEL  ERRDK3  % 

191  prtpakh  //c,n,-3/c,n, statics  $ 

196  LABEL  ERRURf  f 
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RIwlO  FORMAT  CHAP  LISTING 

StRlES  N dASlC  STATIC  SUBSTRUCTURE  ANAcYSiS 

RIGID  FUKMmT  16  - SUBSET  TWO,  SU,  SEVEN,  tlv,HT,  .UNE 

NASTKAN  SOURCE  PRC  CRAM  CUMPiLATZON 
OMAP-OMAP  INSTRUCTION 


NJ. 

r 

19  5 

prtparm 

//Ctr4*-5/CtN, STATICS  $ 

! 

196 

lAdEL 

HNIS  i 

19  7 

END 

% 

••NO  ERRORS  FOUND  - EXECUTE  NaSTRAN  PRtyuKAM** 
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RIGID  FORMAT  DMAP  LISTING  FOR  S0L  16 ,(3,6 ,7,8,9) 


STATIC  SUBSTRUCTURE  ANALYSIS  PHASE  III 


Subset  3 of  Rigid  Format  16  reduces  the  rigid  format  to  a DMAP  sequence 
which  solves  Phase  III  of  static  substructure  analysis.  1 - new  module  of 
interest  is  UDBR,  the  User  File  Data  Block  Recovery,  DMAP  No.  152.  The  com- 
pilation listing  of  this  DMAP  sequence  constitutes  the  remainder  of  this 
Appendix.  Subsets  6,7,8  and  9 remove  non-essential  capabilities  for  the 
purposes  of  this  presentation.  These  capabilities,  which  may  be  utilized  if 
desired,  are: 


Subset 


Capability 


6 Checkpoint 

7 Structure  Plotter 

8 Grid  Point  Weight  Generator 

9 Property  opti mi zati on 


Appendix  A contains  a full  listii-g  of  Rigid  Format  16. 


36k 


APPENDIX  D 


RIGlU  FOkMaT  UMAP  UST’NG 

SCRltS  N OASIC  STMTC  SUBSTRUCTURE  ANALTSiS  *♦* 

kIGIU  format  lo  - SUBSET  THREE,  SIX,  SEVEN,  tiUrtT,  NIKE 

NASTRaN  source  PROCRAh  tOMPlLATIUN 
OMAP-OMAP  INSTRUCTION 
NJ. 


1 

68G1N 

NO. 16  BASK  STATIC  SUBSTRUCTURE  ANALYSIS  - SERIES  N A 

z 

FILE 

LLL»T^PE  $ 

10 

(gpT^ 

OEOMI,GEOM2»/GPL,EU£XIN,GPOT,CSTh.,oGPuT,S1l/V,N,LUSeT/ 
NUGPUT  $ 

V,N, 

11 

SAVE 

LUSET  t 

CHKPNT 

GPL,EOEXIN,OPDT,CSTM,BGPOT,S1L  * 

13 

GeUM2,EQEXIN/ECT  $ 

29 

v.eOM3,EOPX1\',GEOM2/SLT,GPTT/V,N,NOGR~V  * 

30 

SAVE 

NOGRAV  t 

31 

PAKAM 

//c,n,ano/v,n,nomgg/v,n,nograv/v,v,gropnt«-i  a 

32 

PU>1GE 

mgg,melm,moict/nomgg  a 

34 

<X^ 

tCT,ePT,9GP0T,SlL,GPTT,CSTM/EST,oEl,GPECT,/V,N, LUSET/ 
NUSIMR/C,N,1/V,N,N0GENL/V,N,GcNeL  a 

v,n. 

35 

SAVE 

NQSIMP,NOGENL,GENEL  A 

36 

PARAM 

//c,n,and/v,n,noelht/v,n,nogenl/v,n,nusimp  a 

37 

CONO 

ERRORA,NOELMT  $ 

38 

PURGE 

KGGX,GPST/NOStKP/OGPST/GENEL  A 

45 

CONO 

LbLl,NOSTMP  $ 

46 

PARAM 

//C,N,AOD/V,N,NOKGGX/C,N*l/r..N,0  A 

47 

(Tmg  '3 

tST»CSTM,MPT,01T,G£OM2,/KEv«,AOICT,McLM,MOlLT, ,/V,N,NOKGCX/  V, 
N, NuMGG/C ,N,/C,N,/C,N,/C,Y,C  TuPMaSS/ C, Y , CP  6AR/ C , Y , C PkOO/C, Y , 
CPOUAOI/C,  Y,CPOUAu2/C,Y,CPTR.«./C,Y,lPTRU2/  C,  Y,  CP  Tube/C,  Y, 
CPOOPLT/C,  Y,CPTPPLT/C,Y,CPTR6Sv,  A 

48 

SAVE 

NOKGGX,NOMGG  A 

50 

CONO 

JMPKGG,NCKGGX  $ 

51 

GPECT,KD-!CT,KELP/KCCX,GPST  $ 

53 

LAPEL 

JHPXGG  A 

54 

CONO 

JMPMGG.NQMGG  A 
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RIGIJ  FORMAT  UMA?  USTtNG 

SERItS  N ***  bASIC  STATIC  SUBSTRUCTURE  ANAtlratb 
RIUli)  format  lo  - SUBSET  THREE*  SIX,  SEVEN,  cliiHT,  NINE 

NASTRAN  SOURCE  PROGRAM  CUMPiLATIUN 

omap-omap  Instruction 

NU. 


55 

GPECr,MOtCT,MELM/MGG,/C,N,-l/C,V,*,TMASSxl.O  4 

S 57 

i 

LABEL 

jmphgG  t 

62 

LABEL 

LBLl  1 

63 

EUUIV 

KGGX,KGG/N0GENL  t 

65 

CONO 

LBLllAtNOGENL  t 

66 

(^MA3^ 

GEI,KGGX/KGG/V,N,LUSET/V,N,NOuENL/V,N,NOSIMP  4 

68 

LABEL 

LBLIIA  t 

PAR  AH 

//C,N,HPY/V,N,NSKIP/C,R,0/C,N,0  4 

77 

1 

! 

t 

(^4  2) 

CAStCC,GEOHA,EOEXlN,  SIL,GPOT/«\G,  TS,USl:T  ,mSEU  V,N,  LUSET/  V,N, 
HPCFl/V,N,HPCF2/V,N,StNGLE/V,N,i.HiT/V,N,REMCT/ V,N,NSMP/V,N, 
KcPEaT/V,N,NOSE  i/V,N,NOL/V,N,i,uA/C,  YtSUblU  4 

78 

SAVE 

HPCFl,MPCF2,  SlNGLE,OHIT, REACT, NSMP, repeat, NUSET,NUL,NOA  4 

i ^ 

CUNU 

kKkUKS,NOt.  4 

1 80 

PAR  AH 

//C,N, AND/ V,N,NOSR/V,N, SINGLE/ V.N.REmCT  4 

81 

PURGE 

KRR,RLP,0R,0H/P.EACT/GH/MPCFl/bU,RUO,4.Uu,PU,UUUV,RU0V/0MIT/PS, 
KFS,KSS/STNGLE/QG/NOSR  4 

83 

i 

CONU 

LBL4,GENEL  4 

84 

<gPSP2) 

GPL,GPST,USET,SIL/0GPST/V,N,NUGPST  4 

65 

bAVE 

NUGPST  4 

86 

CONO 

LbL4,N0GPST  4 

87 

OFP 

OGPST,,,,,//V,N,CARONC  4 

j 88 

LABEL 

L6L4  4 

CO 

EUUlV 

KGG,KNN/HPCF1  4 

CONO 

LBL2,HPCP2  4 

92 

<sciT:> 

USET,RG/GM  4 

94 

(EctzZ) 

USET,GH,KGG,,,/KNN,,,  4 

1 96 

LA8EL 

LBL2  4 

£0U1V 

KNN.AFF/SINGLE  4 
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klGIU  fOK  lAT  UAAP  listing 

SERIES  N I-**  bASlC  STATIC  SUBSTRUCTURE  ANALYSIS 

RIGiU  rOMAT  16  - SUBSET  TNREEt  SIXt  SEVEN#  EtuHT.  NINE 

NaSTRAN  source  program  i.OHPIL‘ATIUN 
OMAP-UMAP  INSTRUCTION 
NU. 


99 

CONt) 

LBLStSINGLE  i 

100 

USET.KNN,, t/KFF«KFSiKSS((i  6 

102 

LABEL 

L8L3  $ 

103 

EGUlV 

kff.kaa/omit  S 

105 

CONO 

LBLStOMIT  i 

106 

<gpr^ 

USET  tXFFtt  t/ GOf  KAAfROCf  LOOt  1 1 1 1 6 

106 

LABEL 

LBLS  $ 

109 

ECUl  V 

KAA.KLL/REACT  S 

113 

CONU 

LBL6|OEACT  $ 

114 

(R^bhgT) 

USETtKAA./KLLtKLPtKRRit*  ( 

116 

LABEL 

LBL6  t 

117 

(gBMft?) 

KLL/LH  i 

119 

CONO 

LBL?, REACT  S 

120 

(^bmgD 

LLLtALRtKRR/OM  t 

122 

LABEL 

LBL7  A 

123 

(Ss^O 

SLTtBGPOT,CSTM,StL«EST.HPT»CPTT,EUT»NuUiLASECCfOlT/PG/VtN# 
LUScT/V.NtNSKTp  $ 

U9 

EQUlV 

PGtPc/NOSET  t 

131 

CONO 

LBLIO. NOSET  $ 

132 

<iED 

US£T,CM,YStKFStGO«UNtPG/tiR»POtPS#PL  * 

134 

LABEL 

LBLIO  % 

136 

(SS^3~^ 

LLL|iLLLtPLtLCOtKOO*PO/ULVtUCOViRULVfHULiV/V»NtOHIT/V|Y#lRES— 1/ 
V»NfNSKlP/V«N,EPSl  $ 

137 

SAVE 

EPSl  i 

139 

CONO 

LbL9«TQES  t 

140 

MATGPR 

CPLtUSETtStLtRULV//CiNtL  t 

141 

MATGPK 

GPLiUSET,SIL*RUnV//CiN|0  t 

APPENDIX  D 


RIGID  FURMAT  gMAP  LISTING 

StRISS  N GkSiC  static  SUBSTRUCTUKt  ANAurSiS  ♦♦♦ 

RIGIO  format  16  - SUBSET  THREE.  SIX,  SEVEN,  tiGhT,  MNc 

NASIRAN  SOURCE  PROGRAM  COMPILATION 
OMAP-uMAP  INSTRUCTION 
NO. 


LBL9  t 

//C, N, ADD/ V,N, PHASES /C,N, 0/C. N,-l  A 
/ULVX,,  ,,/C,Y,SUBI 0/C,Y, UNIT /cTiOSRTP  102  6 
0LVX,ULV/PHASE3  t 

OSET.PG.ULV.UOOV.YS.GC.GMiPS.KFS.KSS.wk/UuVtPGG.vG/V.N.NSKiP/ 
C,N,STATICS  S 

//C,N,NOT/V,N,TEST/V,N, REPEAT  » 

ERRORS, test  % 

CASECC,CSTM,NPT,OIT,EOEXlN,SlL,cPTT,tOT,bGPOT,,CG,UOV,EST, ,PGG/ 
UPGl, 0061, OUGVl,CESl,CEFl,PUGVi/C,H, STATICS  » 

//C,N,MPY/V,N,CARONO/C,N,0/C,N,U  i 

OUGVl.QRGl  ,0061 ,0EF1 , ObSl,  //V,  m,CaRUi,0  t 

CARL'HO  « 

FINIS  t 

ERROR?  ( 

//C,N,-2/f,N, STATICS  S 
ERRORS  % 

//C,N,-?/C,N, STATICS  $ 

ERRORA  % 

//C,N, -A/C, N, STATICS  $ 

ERRORS  % 


142 

LABEL 

151 

PARAM 

153 

EwOlV 

156 

CgjRl^ 

161 

PARAM 

162 

CUNO 

168 

CSUR23) 

174 

PARAM 

175 

OFP 

176 

SAVE 

lb5 

JUMP 

166 

LABEL 

189 

PRTPARM 

190 

LABEL 

191 

PRTPARM 

192 

LABEL 

193 

PRTPARM 

194 

label 

195 

PRTPARM 

196 

label 

197 

END 

«YNO  ERRORS  FOUND  - EXECUTE  NASTRAN  PkUgkAH** 
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RIGID  FORMAT  DMAP  LISTING  FOR  S0L  17, (2, 6, 7, 8) 
NORMAL  MODES  SUBSTRUCTURE  ANALYSIS  PHASE  II 


Subset  2 of  Rigid  Format  17  reduces  the  rigid  format  to  a DMAP  sequence 
which  solves  Phase  II  of  normal  modes  substructure  analysis.  The  new  modules 
of  interest  are  SSfiA,  the  Substructure  Matrix  Assembler,  DMAP  No.  5,  and  SSVE, 
the  Substructure  Vector  Extractor,  DMAP  Nc.  127.  The  compilation  listing  of 
this  DMAP  sequence  constitutes  the  remainder  of  this  Appendix.  Subsets  6,  7 
and  8 remove  non-essential  capabilities  for  the  purposes  of  this  presentation. 
These  capabilities,  which  may  be  utilized  if  desired,  are: 


Subset 


Capabi 1 i ty 


6 

7 

8 


Checkpoi nt 

Structure  Plotter 

Grid  Point  Weight  Generator 


APPENDIX  E 


KIt/Ii)  FORMAT  OMAP  USTtNO 

StRIfcS  N bASlC  normal  MOOES  SUbSTRUCTOnt  fcUMLtSio 

RXGIO  FORMAT  17  - SUBSET  TwO,  SIX,  SEVEN,  tlOtiT 

NAS'’kAN  SOURCE  PROGRAM  CUMPlLATluN 
OMAP-OMAP  instruction 
NO. 


10  save 
12  C^p  2 3) 


1.0.17  BASIC  NORMAL  MOOES  SUBSIKulTUmE  ANALYSIS  - SERIES  N $ 
LLL-TAPF  i 

//C,N, A00/V,N,PHASE2/C,N,0/C,N,-l  % 

OcOMA,UFTABLE/KGGPS,MGGPS,,  ,,PSi>aTa/C,  Y,PKTOPT/C,  Y,GlNSAME/V,N, 
LUScT  t 

LUSET  t 

KGGPS,MGGPS,PSDATA  i 

u£UM1,GE0M2, /GPL, EQEX IN, GP0T,cSTM,dGruT,S1L/V,N, LUSET/  V,N, 
NUGPJT  $ 

LUSET  $ 

UEUM2,E0EXIN/ECT  $ 


31  SAVE 
^2  PARAH 

33  CONG 

34  PURGE 

36  CUNO 

37  PARAM 
3 a PARAH 
39  CfNtT:) 


40  SAVE 

42  COND 

43  <jMA  ^ 


r/4Cvt»i  / 


• « ■ t Mf  V 


tCT,E*>T,RGP0T,SlL,CPTT,CSTM/EsT,Otl,«PECT,/V,N, LUSET/ 
NUSIMP/C,N,1/V,N,N0GENL/V,N,GcNEl  S 

N0GENL,N0S|MP,6ENEL  % 

//C,N,AOO/V,N,NOELTS/V,N,PHASt2/V,N,NU$lMP  6 
ERRURl,NOELTS  $ 

KGGA, G“ST, MGC./NOSI MP/CGPST/GENEL  * 

LBL1,NCSTMP  I 


V,N, 


//C,W,A00/V,N,NQKGGX/C,N,1/C,N,0  * 

//C,N, Ann/V,N,N0MGG/C,K,1/C,N,0  S 

EST,LSTM,MPT,01T,CEOM2,/KELM,Ai,lCT,HcLH,H01LT,,/V,N,l  OKGGX/  V, 
N,NOMGG/r,N,/C,N,/C,N,/C,V,COuPM«>S/,,,  Y,C»'bAR/C,V,CPKUO/C,  V, 
CP0UAOl/r,Y,CPQUAO2/C,y,CPTRlAi/C,Y,UPTKlA2/  C, Y,CP I UBE/t , Y, 
CPOUPLT/C, Y,CPTRPLT/CfY,CPTRBSL  » 

n0NGGX,N0MGG  % 

JMPKGG,NnKGCX  % 

GPECT,K0ICT,XELM/KGGX,GPST  % 
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rOKMAT  UHAP  LISTING 

StRltS  N CASXC  NOC»'AL  MOOfS  SueSTftUCTUKt  ANALtilS  ••• 

RICIJ  f-UnMAT  17  - SUBSCT  Two,  SIX,  SEVfcN,  eJt,nT 

NASTRAN  source  PROGRAn  CUHFIL'aTION 
UMAP-UMAP  INSThOCTl^iN 


NU« 

LAdEL 

JNPKGG  t 

46 

CONU 

ERRORl , ‘10‘TCG  i 

47 

i,P£Cff1C:r  .,HELM/HGC,/C,N,-l/t,T,i»TMMS5»1.0  $ 

52 

LA8EL 

LbLl  t 

53 

touiv 

K«>GX,KGG/NOGENL  t 

54 

ChKPNT 

KGC  A 

55 

CONU 

LULU, NCOS NL  t 

56 

<f^ 

GE1,KGGX/KCG/V,N,LUSET/V,N,N0ucNL/ V,N,NUS1MP  * 

56 

LAdcL 

LdLll  t 

60 

AOO 

KGG,KGGPS/KGGT  i 

61 

EOUlV 

KGGT.KGG/PHASEZ  $ 

53 

A £>C* 

fir /utter  « 

64 

EOUIV 

HV,GT,HGG/PHASE2  S 

65 

CHKPNT 

HUG  $ 

67 

PARAH 

//C,N,MPY/V,N,NSK1P/C,K',0/C,N,0  > 

66 

<gP4 

CASECC,GEOH4,EOEXIN.SIL,CPOT/kO,,oSET,ASET/V,n,LUSET/  v,n, 
HPC‘‘i/V,N,KPCF2/V,N,  SINGLE/V,«.,UHlT/V,N,RkMCT/V,N,NSMP/V,N, 
REPEAT/V,N,NOSET/y,N,N0L/V,N,i«uA/t.,y,»UbiU  » 

69 

SAVE 

NPCFl, HPCF2, SINGLE, OMIT, REACT, wSKlP, repeat ,NOSET,NOL,NOA  A 

70 

CUNO 

ERROR?, NOL  « 

71 

PURGE 

KRR,iaF,0P,NLP,PR/REACT/CH/MPCFi/uU/UMlT/KFS/SlNGLE/w6/NuSE; 

79 

EGUIV 

KG6,KNN/MPCF1/PG6,MNN/NPCF1  t 

61 

CONU 

LAL2,NPCF2  A 

62 

Cgc^ 

USET,RC/GM  A 

64 

(gcfcT^ 

tSET,GM,KG6,MGC,,/KNN,HNN,,  A 

66 

LAUEL 

LbL2  A 

67 

EOUIV 

knn,rff/single/hrn,mff/sincle  a 

APPENDIX  E 
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RIGID  FORMAT  DHAP  LISTING 

SERIES  N tASIC  NOPMAL  MOOES  SUBSTRUCTUm:  *,NaLTSIS 

RiGlO  FUkMAT  17  - SLISSeT  TWO,  SIX,  SEVLN,  tluMT 

NASTRAN  source  program  CoMPILaTIUN 
omap-jmap  instruction 

NU. 


89 

CCNO 

LbLS, SINGLE  t 

90 

U6ET,KNN,MNN,,/KFP,KFS,,MFr,t  * 

92 

1 ABEL 

LBLi  % 

93 

EOUIV 

Kf-f .kaa/omit  i 

94 

EOUlV 

Mff,M^^/OMlT  1 

96 

CONO 

L6L5,aHlT  S 

97 

dMPl^ 

LSET,KFF,,,/GO,KAA,KOL,LOO,,,,,  » 

99 

GSET,60,MFF/maA  i 

101 

LABEL 

LBLS  s 

106 

CCNU 

Li)Le,FEACT  $ 

107 

USET,KAA,MAA/KLL  (>.LH,KRR,RLL,MLR,MRR  > 

109 

KLL/Ltt  9 

111 

(rbmgD 

LLL,ALP,KRR/CM  t 

U3 

<^BMG^ 

DH,HLL,PLR,MpR/MR  t 

115 

label 

LBL6  S 

116 

dPO 

GVNANtrS.GPL ,SlL,USET/GPLO,SlLU,USETu,,,,,,,EEk),EwuyN/V,N, 
LUSET/v',N,LUSETO/V,N,NOTFL/V,N,NtjuLT/v,N,i«GPSOL/V,N,NOFRL/  Vt 
N,NuNLrT/V,N,NOTRL/V,N,NOtEU/C,N,/V,U,NuOE  A 

117 

SAVE 

NUEEU  % 

lie 

CONU 

EMRURZ.NOEEO  t 

120 

dEAlQ 

KaA,MAA,MR,OM,EEO,USET,CASECC/Lahh,PH1a,M1,OEIGS/C,N,HOOES/V,Ki 
NEIGV  S 

U1 

SAVE 

NEIGV  t 

U3 

EARAM 

//C,N,NPY/V,N,CAR0N0/C,N,0/C,N,0  > 

124 

OFP 

LAMAtOEIGSi, ,,//V,N,CARDK0  t 

125 

SAVE 

CaKUNO  a 

PSUAIA.LANA.PHU//  % 

133 

CONO 

EINIS. NEIGV  % 

3| 
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ai&lt»  uMAP  USTtNvJ 

SEKltS  N BASIC  NCavAL  MODES  SOdSTRoCTUKt  ANALYSIS  •»* 

K16U  EUI.HAT  17  - SUBSET  ThO.  SIX,  SEVEN,  tluhl 

NASIkAN  SOURCE  PROGRAM  wCMPIlaTION 
OMAP-UMAP  INSTRUCTION 
NO. 


134 

oSET,,P  •!  A f , , GO, OR 1 1 XT S , , / PHI o, , uv /C, N , 1 /C ,N, Kc 1 U A 

136 

PARAM 

//C,N, SUA/V,N,SCALAR/V,N»SIL/V,N,LUScT  s 

137 

Efi’JlV 

SIL, SI P/SCFt AR/nOPCT ,eGPOP/SCALAK  > 

139 

CUNO 

CbcT, SCALAR  $ 

140 

Bv,PuI,SlE/e6P0P,SIP/V,N,EUSET/V,U,Lu;>tP  A 

141 

SAVE 

LUSEP  * 

143 

LAdcL 

CAL7  t 

146 

CSo^2^ 

CASEcC  tCST  M,HRT,DlT,EOEXlNtSlL,,, oGPUP , L AHA, MUtPHlG, EST , ,/ 
UuGl,aPHK,«OES!,OEFl,PPHlG/C,t.,Ac.lG  A 

149 

Of? 

OPHlG,OQGt«OEFl,OESl, f//V,N,CMKuNU  A 

150 

SAVE 

CARUnO  I 

156 

JUHP 

finis  I 

157 

LA6EL 

ERROR T « 

158 

PRTPAkH 

//C,N.-l/CtN«MOOES  A 

159 

LA6£t 

ERROR?  i 

160 

PATPARM 

//C,N,-2/C,N, NODES  » 

161 

LAdEt 

ERROR?  i 

162 

PRfPARM 

//CtN,-?/C.N. MOOES  » 

16  3 

lAoEL 

FINIS  t 

164 

EhO 

» 

•«NO  errors  FOUND  • EXECUTE  NASTRAN  PkuGRaM** 
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UFTABLE  USAGE  W’TH  RIGID  FORMATS  16  AND  17 


Subset  0 requires  a dummy  form  of  the  direct  input  table  UFTABLE  as 

shown: 


DTI 

UFTABLE 

0 

OTl 

UFTABLE 

1 

Dumv 

DATA 

F0R 

SUBSET  1 

i 

ZER0 

ENDREC 

Subsets  1 and  3 do  not  need  or  use  URABLE. 

Subset  2 requires  UFTABLE  for  information  about  the  Phase  I user  files, 
identification  of  identical  substructures,  and,  if  desired,  a user  defined 
label  for  the  coupling  phase  output  user  file.  The  content  of  the  table  will 
vary  depending  on  where  the  Phase  I materials  were  generated  (e.g..  Rigid 
Format  16  subset  1 or  Rigid  Format  1 with  alters).  The  minimum  data  require- 
ments are  illustrated  in  example  a.  below  with  example  b.  showing  the  form 
for  identifying  items  generated  by  rigid  formats  other  than  the  coupling 
phase  rigid  format. 

EXAMPLE  a.  (four  substructures,  N»4) 


Card 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

OTI 

UFTABLE 

0 

4 

16 

■mill 

^ i 

2 

DTI 

UFTABLE 

1 

2 

INP1 

WID6ET02 

EMDREC 

3 

OTI 

UFTABLE 

2 

4 

INR2 

UI0GET04 

|H||H 

ENDREC 

4 

OTl 

UFTABLE 

3 

6 

— 

1NP3 

WI0GET06 

ENDREC 

S 

DTI 

UFTABLE 

4 

9 

H 

1NP4 

^p6Rp9 

ENDREC 

6 

OTI 

UFTABLE 

^ : 

3nm 

INPT 

WDGTPH2 

enc.;ec 

EXAMPLE  b.  (five  substructures,  N«5) 


Card 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

DTI 

UFTABLE 

0 

S 

17 

♦AOO 

OTI 

UFTASLC 

1 

10 

I»P1 

CRCUP4 

ENCRrC 

»A01 

3a 

Oil 

UFTABLE 

2 

13 

INP4 

PLT4 

104823 

NAMES 

♦AO:^ 

3b 

♦M2 

A 

AS138 

R 

RLL13 

M 

ENDREC 

♦AO  3 

4 

OTI^ 

UFT/^E. 

3_ 

23 



ENDREC 

♦A04 

5 

OTI 

UFTABLE 

4 

16 



10 

ENDREC 

♦;oi 

6a 

OTI 

UFTABLE 

5 

M7 

IWP3 

♦A06 

6b 

♦A06 

A 

3 

R 

1 

M 

2 

ENDREC 

♦AO  7 
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Remarks : | 

1.  Card  1 defines  the  trailer  for  UFTABLE,  Field  4 specifies  that  the  i 

table  has  N substructures.  SSMA  will  use  the  information  in  field  5 li 

to  recognize  that  the  tables  were  prepared  for  use  with  Rigid  Format  | 

' 16  and  17  for  examples  a and  b respectively.  [ 

I 

2.  Cards  starting  with  card  2 define  records  1 thru  N of  UFTABLE,  where  j 

i N is  the  number  of  substructures.  Field  4 gives  the  substructure  | 

i identification  number  for  use  with  the  Phase  II  SAME  bulk  data  cards 

I and  the  Phase  III  data  recovery  module  UOBR.  Field  6 gives  the  6IN0 

file  name  for  the  User  File  containing  the  data  for  each  substructure. 

Field  7 contains  the  User  File  Label  for  SSMA  verification.  Field  8 
contains  an  optional  tape  reel  identification  nunter. 

3.  Optional  data  (shown  in  example  b on  card  3)  is  input  whenever  the 

data  blocks  required  are  not  in  the  expected  order  on  the  User  File 

as  defined  by  the  convention  established  for  the  Rigid  Format  being 
utilized.  In  the  example,  the  ASET  data  block  has  the  name  AS13B, 

the  stiffness  matrix  has  the  name  KLL13  end  the  mass  matrix  has  the  n 

name  M134F.  j 

4.  In  example  a,  card  6 defines  the  User  File  Label  and  GIN0  file  name  j 

to  be  used  by  SSVE  when  writing  the  Phase  II  output  onto  a User  File.  I 

In  example  b,  since  five  substructures  are  present  and  no  card  7 is 

input,  default  values  will  be  automatically  implied. 


I 
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APPENDIX  G 


SAMPLE  PROBLEM  DATA  DECK  LISTING 


As  an  illustration  of  the  automation  that  is  introduced  as  a result  of 
this  new  capability,  the  example  used  in  the  NASTRAN  User's  Manual  (reference 
2,  p.  1.10-2  (6/1/72))  will  be  presented  here.  The  sketch  below  shows  the 
model  for  the  problem  being  solved. 


qI'  qI  © © ■ 

Zl  ' bJ  H * 


Substructure  2 

i©  ©i  © © 

! Lu  Lii  ‘ nrA 

U ^ < 

@ @ (D 

(D  Grid  point  numbers 
[U  Element  numbers 
® - 6.096  m (240  In) 


Substructure  1 


O © © 


h- 


■T~T 


(D 


"rn" 

L^ 


(D 


F.  = 207  GPa  (30  x 10^  psi) 

1 - 2.08  X 10"^  m^  (500  In^) 
P = 4.44SkN  (1000  lb) 
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The  following  data  deck  is  used  for  Phase  I of  substructure  1: 


ID  PHASE  0NE  $ 

TIME  2 

CHKPNT  YES 

APP  DISP 

S0L  16,1 

CEND 

TITLE  ^ PHASE  0NE  - SUBSTRUCTURE  1 - RIGID  F0RMAT  16 
SPC  = 101 

BEGIN  BULK 

ASET  3 126 

CBAR  1 10 

CBAR  2 10 

GRID  1 

GRID  2 

GRID  3 

MATl  11  30. +6 

PARAM  SUB  ID  10 

PARAM  USRTPIDl  BEAMSl 

PBAR  10  11 

SPC  101  1 

ENDDATA 


1 

2 

1.0 

1 

2 

3 

1.0 

345 

1 

ro 

o 

• 

345 

480. 

345 

60.  500. 

12 


5T7 
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( 1 i owl  ng 

data  deck 

is  used 

for  Phdbt;  I uf 

•*1  ^ ^ kA  0» 

ID 

PHASE  0NE  $ 

TIME 

2 

CHKPNT 

YES 

APP 

DISP 

S0L 

16,1 

CEND 

TITLE  = 

PHASE  0NE 

- SUBSTRUCTURE 

2 - RIGID  F0RMAT  16 

SPC  = 201 

L0AD  = ; 

202 

BEGIN  BULK 

ASET 

3 

126 

CBAR 

3 

10 

3 

4 

1.0 

CBAR 

4 

10 

4 

5 

1.0 

CBAR 

5 

10 

5 

6 

1.0 

F0RCE 

202 

3 

1000. 

-1.0 

F0RCE 

202 

4 

1000. 

-1.0 

GRID 

3 

480. 

345 

GRID 

4 

720. 

345 

GRID 

5 

960. 

345 

GRID 

6 

1200. 

345 

MATl 

11 

30. +6 

PARAM 

SUB  ID 

20 

PARAM 

USRTPIDl 

BEAMS2 

PBAR 

10 

11 

60. 

500. 

SPC 

201 

6 

2 

ENDDATA 
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The  following  data  deck  is  used  for  Phase  II. 

ID  PHASE  TW0 

TIME  2 

APP  DISP 

S0L  16,2 

CEND 

TITLE  = PHASE  TW0  - RIGID  F0RMAT  16 
BEGIN  BULK 


DTI 

UFTABLE  0 

2 

16 

DTI 

UFTABLE  1 

10 

INP3 

BEAMSl 

ENDREC 

DTI 

UFTABLE  2 

20 

INP7 

BEAMS2 

ENDREC 

DTI 

UFTABLE  3 

0 

INPT 

BEAMPH2 

ENDREC 

PARAM 

GENSAME  1 

ENDDATA 

The  NASTRAN  Data  Deck  for  the  Phase  III  analysis  of  substructure  1 is  given  as 
follows: 

ID  PHASE  THREE  $ 

TIME  2 

APP  DISP 

S0L  16,3 

READ  CARDS  FR0M  3 $ RESTART  DICTIONARY  FR0M  UNIT  3 
CEND 

TITLE  = PHASE  THREE  - SUBSTRUCTURE  1 - RIGID  F0RMAT  16 

DISP  * ALL 

ELF0RCE  » ALL 

0L0AD  » ALL 

SPCF0RCE  = ALL 

BEGIN  BULK 

PARAM  USRVPID2  BEAMPH2 
EMDDATA 
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The  NASTRAN  Data  Deck  for  the  Phase  III  analysis  of  substructure  2 is  given 
below: 

ID  PHASE  THREE  $ 

TIME  2 

APP  DISP 

S0L  16,3 

READ  CARDS  FR0M  92  $ RESTART  DICTI0NARY  FR0M  UNIT  92 
CEND 

TITLE  = PHASE  THREE  - SUBSTRUCTURE  2 - RIGID  F0RMAT  16 

DISP  = ALL 

ELF0RCE  = ALL 

0L0AD  = ALL 

SPCF0RCE  = ALL 

BEGIN  BULK 

PARAM  USRTPID2  BEAMPH2 
ENDDATA 
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TABLE  2 


ASSUMPTIONS  AND  RESTRICTIONS 


Only  one  (1)  level  of  substructures  is  allowed. 

The  Number  of  substructures  may  not  exceed  twenty  (20). 

Coordinate  systems  of  points  to  be  coupled  are  parallel. 
This  is  not  verified  by  program. 

Degrees  of  freedom  at  two  points  to  be  coupled  are  the 
same.  Exceptions  can  be  handled  via  multipoint  con- 
straints in  Phase  II. 

The  sequence  (internal)  of  points  along  the  boundary 
between  any  two  substructures  is  the  same. 

All  subcases  must  be  defined  in  the  Case  Control  Decks 
for  all  runs. 

Static  loads  applied  geometrically  must  be  defined  in 
Phase  I.  Loads  may  be  applied  to  the  pseudostructure 
degrees  of  freedom  in  Phase  II  in  the  usual  way. 

Output  obtained  in  Phase  II  must  be  requested  using 
pseudostructure  degree  of  freedom  identifiers. 

Only  a single  boundary  condition  is  considered; 
geometrically  specified  boundary  conditions  must  be 
defined  in  Phase  I. 


5d5 


The  pseudomodel  map  shown  below  we>  generated  by  module  PVEC  for  the  structure 
shown  in  figure  1. 


Internal 


Substructure  Identification  Number 


30F 

2 

4 

6 

9 

3 

6013-3 

9001-3 

6 

6016-3 

9004-3 

9 

6019-3 

9007-3 

12 

4001-3 

6021-3 

15 

4002-3 

6022-3 

18 

4004-3 

6024-3 

21 

4005-3 

6025*3 

24 

4006-3 

6026-3 

9014-3 

27 

4007-3 

6027-3 

30 

4008-3 

6028-3 

33 

4009-3 

6029-3 

9017-3 

36 

4013-3 

9021-3 

39 

4016-3 

9024*3 

42 

4019-3 

9027-3 

45 

2002-3 

4022-3 

48 

2003-3 

4023-3 

51 

2004-3 

4024-3 

54 

2005-3 

4025-3 

57 

2006-3 

4026-3 

60 

2007-3 

4027-3 

63 

2008-3 

4028-3 

66 

2009-3 

4029-3 

Notes : 


1.  For  clarity,  only  the  “3''  degree  of  freedom  is  shown. 

2.  $1ng1e*po1nt  constraints  have  been  applied  to  point  1 In 
substructure  2 and  point  3 In  substructure  4. 


FIGURE  4.  PSEUOOMOOEL  MAP 
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ID  PHASE  0NE 
TIME  10 

CHKPNT  YES, DISK 
APP  DISP 

(1)  S0L  16,1  $ BASIC  STATIC  SUBSTRUCTURE  ANALYSIS 
CEND 

I Case  Control  Dsckj 
BEGIN  BULK 

jstructural  Data  for  Substructui  ej 

(2)  PAWAM  SUBID  10 

(3)  PARAM  USRTPIDl  ABC 

ENDDATA 


Notes : 

1.  Solution  subset  1 is  used  for  Phase  I ru.'j. 

2.  User-specified  substructure  identification  number, 
j.  User-specified  User  File  identification  code. 


FIGURE  5 


LEVEL  16.x  PHASE  I DATA  DECK 


ID  PHASE  TW0 
TIME  10 
APP  DISP 

(1)  S0L  16,2  $ BASIC  STATIC  SUBSTRUCTURE  ANALYSIS 

CENO 

I Case  Control  Deckj 
BEGIN  BULK 

(2)  joTI  definition  of  User  File  Dataj 

(3a)  PARAM  GENSAME  -1 

(4)  PARAM  PRT0PT  1 

(3b)  jcoupling  Data  (can  be  optional )| 

ENDDATA 


! 

I 

S 

i 

Notes : \ 

I 

1.  Solution  subset  2 is  used  for  Phase  II  runs. 

2.  User-specified  data  providing 

a.  Number  of  substructures 

b.  Identification  numbers  for  both  real  and 

identical  substructures  ' \ 

c.  User  File  Data  Location  Information  and 

Identi f i cati on  Codes 

3a  and  b.  Coupling  Information 

(a)  GENSAME=+1  means  coupling  data  automatically 

generated 

6ENSAME=-1  means  coupling  data  supplied  by  user 
via  SAME  cards  (fig.  10). 

(b)  See  figure  8.  \ 

4.  Pseudostructure  map  print  option.  i 


FIGURE  6 

LEVEL  16.x  PHASE  II  DATA  DECK 
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:d  phase  three 

TIME  10 

APP  DISP 

0)  SfJL  16,3  $ BASIC  STATIC  SUBSTRUCTURE  ANALYSIS 

(2)  READCARDS  FR0M  3 $ RESTART  DICTIONARY  FR0M  UNIT  3 
CEND 

I Case  Control  Deckj 
BEGIN  BULK 

(3)  PARAM  USRTPID2  XYZ 

ENDDATA 


Notes : 

1.  Solution  subset  3 is  used  for  Phase  III  runs. 

2.  The  Problem  Tape  Dictionary  is  recovered  from  Unit  3. 

3.  User-specified  User  File  Identification  Code  from 

Phase  II. 


FIGURE  7 

LEVEL  16.x  PHASE  III  DATA  DECK 
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FIGMRE  9.  NMMTT-lFVn  SUBSTRUCTURE  ANALYSIS 


Input  Data  Card  SAME 


Joining  Data 


Description:  Defines  grid  or  scalar  points  which  are  to  be  coupled  in  a 

substructure  analysis. 


Format  and  Example: 


123  456789  10 


Field  Contents 

S Substructure  identification  number  (Integer  > 0) 

G,  61,  G2  Grid  or  Scalar  point  identification  number  (Integer  > 0; 
G1  < G2) 


Remarks : 

1.  Up  to  four  grid  or  scalar  points  (in  four  different  substructures) 
may  be  coupled  by  a single  card.  As  many  continuation  cards  as 
required  may  be  used. 

2.  No  degrees  of  freedom  of  coupled  points  may  be  members  of  che  o-set. 

3.  The  substructure  identification  numbers  should  be  written  in 

ascending  order. 

4.  If  two  SAME  cards  are  to  be  joined,  the  highest  numbered  sub- 
structure entry  on  the  first  one  should  be  repeated  on  the  second 
one. 

5.  If  the  alternate  form  is  used,  all  of  the  grid  and  scalar  points  61 

thru  62  are  assumed.  Each  G1  TRW  62  sequence  must  define  the  same 

number  of  points. 


FIGURE  10.  SAME  CARD  DESCRIPTION 
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NASTRAN  CYCLIC  SYMMETRY  CAPABILITY 
By  R.  H.  MacNeal  and  R.  L.  Harder 
The  MacNeal-Schwendler  Corp.,  Los  Angeles 
and  J . B . Mason 

NASA  Goddard  Space  Flight  Center 
SUMMARY 


The  paper  describes  a recent  development  for  NASTRAN  which  facilitates  the 
analysis  of  structures  made  up  of  identical  segments  symmetrically  arranged 
with  respect  to  an  axis.  The  key  operation  in  the  method  is  the  transformation 
of  the  degrees  of  freedom  for  the  structure  into  uncoupled  syrmetriaal  aompo- 
nentSi  thereby  greatly  reducing  the  number  of  equations  which  are  solved  simul- 
taneously. A further  reduction  occurs  if  each  segment  has  a plane  of  reflective 
symmetry.  The  only  required  assumption  is  that  the  problem  be  linear.  The 
capability,  as  developed,  will  be  available  in  Level  16  of  NASTRAN  for  static 
stress  analysis,  steady  state  heat  transfer  analysis,  and  vibration  analysis. 

The  paper  includes  a discussion  of  the  theory,  a brief  description  of  the 
data  supplied  by  the  user,  and  the  results  obtained  for  two  example  problems. 

The  first  problem  concerns  the  acoustic  modes  of  a long  prismatic  cavity  im- 
bedded in  the  propellant  grain  of  a solid  rocket  motor.  The  second  problem 
involves  the  deformations  cf  a large  space  antenna.  The  latter  example  is  the 
first  application  of  the  NASTRAN  Cyclic  Symmetry  capability  to  a really  large 
problem. 


INTRODUCTION 


Many  structures,  including  pressure  vessels,  rotating  machines,  and 
antennas  for  space  consnunications , are  made  up  of  virtually  identical  segments 
that  are  symmetrically  arranged  with  respect  to  an  axis.  There  are  two  types 
of  cyclic  symmetry  as  shown  in  Figures  1 and  2:  simple  votationdl  eyrmetryt 

in  which  the  segments  do  not  have  planes  of  reflective  symmetry  and  the  bound- 
aries between  segments  may  be  general  doubly-curved  surfaces,  and  dihedral 
ayimetry , in  which  each  segment  has  a plane  of  reflective  symmetry  and  the 
boundaries  between  segments  are  planar.  In  both  cases,  it  is  most  important 
for  reasons  of  economy  to  be  able  to  calculate  the  thermal  and  structural 
response  by  analyzing  a subregion  containing  as  few  segments  as  possible. 

Principles  of  reflective  symmetry  (which  are  not,  in  general,  satisfied 
by  cyclically  symmetric  bodies)  can  reduce  the  analysis  region  to  one-fourth  of 
the  whole.  Principles  of  cyclic  symmetry,  on  the  other  hand,  can  reduce  the 

PAGE  BLANK  NOT  fUMED  ” 


analysis  region  to  a single  segment  in  the  case  of  dihedral  symmetry  and  to  a 
pair  of  segments  in  the  case  of  simple  rotational  symmetry.  Neither  accuracy 
nor  generality  need  be  lost  in  the  process,  except  that  the  treatment  is 
limited  to  linear  relationships  between  degrees  of  freedom. 

Special  procedures  for  the  treatment  of  Cyclic  Symmetry  have  recently  been 
added  to  NASTRAN  under  the  sponsorship  of  the  Goddard  Space  Flight  Center.  The 
procedures  will  be  available  in  Level  16  of  NASTRAN.  This  paper  includes  a 
discussion  of  the  theory,  a description  of  the  special  input  data,  and  the 
solutions  of  example  problems.  More  complete  information,  including  detailed 
descriptions  of  new  functional  modules  and  DMAP  ALTERS  for  Rigid  Formats  1 and 
3,  is  contained  in  Ref.  1. 

The  use  of  cyclic  symmetry  will  allow  the  analyst  to  model  (i.e.,  make  a 
NASTRAN  Bulk  Data  Deck  for)  only  one  of  the  identical  substructures.  There 
will  also  be  a large  saving  of  computer  time  for  most  problems. 


THEORY 


Two  types  of  cyclic  symmetry  are  shown  in  Figures  1 and  2,  where  they  are 
called  rotational  symmetry  and  dihedral  symmetry.  The  latter  term  is  borrowed 
from  Herman  Weyl  who  used  it  in  his  mathematical  treatment  of  symmetry.  Ref.  2. 
Note  that  dihedral  symmetry  is  a special  case  of  rotational  symmstry.  In  both 
cases,  the  body  is  composed  of  identical  segments,  each  of  which  obeys  the 
same  physical  laws.  The  distortions  (deflections  or  temperature  changes)  of 
the  segments  are  not  independent,  but  must  satisfy  compatibility  at  the  bound- 
aries between  segments.  Cyclic  transforms  will  be  defined,  which  are  linear 
combinations  of  the  distortions  of  the  segments.  The  transformed  equations  of 
compatibility  are  such  that  the  "transformed  segments"  are  coupled  singly  or  in 
pairs  which  can  be  solved  independently.  This  feature  results  in  a significant 
reduction  of  computational  effort  beyond  the  normal  possibilities  of  substruc- 
ture analysis. 

In  the  theory  given  below,  the  form  of  the  transformation  is  not  derived, 
but  just  stated.  The  validity  of  the  method  is  then  demonstrated.  A step-by- 
step  inductive  derivation  of  the  transformation  will  be  found  in  Ref.  3.  The 
theory  will  be  presented  first  for  the  more  general  but  simpler  case  of  rota- 
tional symmetry,  after  which  the  additional  special  features  for  dihedral  sym- 
metry will  be  introduced. 


Theory  for  Rotational  Symmetry 


The  total  body  consists  of  N identical  segments,  which  are  numbered  con- 
secutively from  1 to  N.  The  user  supplies  a NASTRAN  model  for  one  segment. 

All  other  segments  and  their  coordinate  systems  are  rotated  to  equally- spaced 
positions  about  the  polar  axis.  The  boundaries  must  be  conformable',  i.e.,  when 
the  segments  are  put  together,  the  grid  points  and  the  displacement  coordinate 
systems  of  adjacent  segments  must  coincide.  This  is  easiest  to  insure  if  a 
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cylindrical  or  spherical  coordinate  system  is  used,  but  such  is  not  required. 
The  user  will  also  supply  a paired  list  of  grid  points  on  the  two  boundaries 
of  the  segment  where  connections  will  be  made.  For  static  analysis  the  user 
may  also  supply  a set  of  loads  and/or  enforced  displacements  for  each  of  the 
N segments. 

The  two  boundaries  will  be  called  sides  1 and  2.  Side  2 of  segment  n is 
connected  to  side  1 of  segment  n+1,  see  Figure  1.  Thus,  the  components  of 
displacement  satisfy 


n+1  n 

Ui  = U2 


1,  2,...,N 


(1) 


j where  the  superscript  refers  to  the  segment  index  and  the  subscript  refers  to 
! the  side  index.  This  applies  to  all  degrees  of  freedom  which  are  joined  togeth- 

1 1 

er.  We  also  define  u = u , so  that  Equation  1 will  refer  to  all  boundaries. 
Equation  1 is  the  equation  of  constraint  between  the  physical  segments. 

The  rotational  transformation  is  given  by 

u"  « u°  + I [u*^®  cos(n-l)ka  + u^®  sin(n-l)ka]  + (-l)"  ’^  u^^^  (2) 

k=l 

a = 2tt/N,  n « 1,  2,. . . ,N 


where  u”  can  be  any  component  of  a displacement,  force,  stress,  temperature 

th 

segroen;.  The  last  term  exists  only  when  N is  even 


etc, , in  the  n 

mation  limit  k 
.-N/2 


- (n-l)/'2  if  N is  odd  and  (N-2)/2  if  N is  even.  u°,  u'  , - , 

and  u"'“  are  the  transformed  quantities  which  will  be  referred  to  as  eyrmetvioal 
oomponente»  They  are  given  this  designation  by  virtue  of  their  similarity  to 
the  symmetrical  components  used  by  electrical  engineers  in  their  analysis  of 
polyphase  networks.  Ref.  4.  Note  also  the  similarity  of  Equation  2 to  a 
Fourier  series  decomposition,  except  that  the  number  of  terms  is  finite.  On 
this  account.  Equation  2 could  be  called  a finite  Fourier  transformation.  Ref. 

5. 


The  sum- 
-kc  -ks 


Equation  2 can  be  displayed  in  the  matrix  form 


luj  • luJ[T] 


(3) 


where 

and 


luJ  - lu*,  u*,  u*,...,u*^J 

|“|  1*0  -IC  -IS  -2C  -2S  -N/2, 

luj  "lUfU  ,u  ,u  ,u  ,.*.,u  J 


I 
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Each  element  in  the  first  row  vector  can  represent  all  of  the  unknowns  in  one 
segment . 

The  expanded  form  of  the  transformation  matrix  is 


1 

1 

1 

• 

• 1 

1 

cos  a 

cos  2a  • 

• 

• cos  (N-l)a 

0 

sin  a 

sin  2a  • 

• 

• sin  (N-l)a 

1 

cos  2a 

cos  4a 

cos  (N-l)2a 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

0 

sin  k^a 

sin  2kj^a  • 

• 

• sin  (N-l)kj^a 

1 

-1 

1 

• 

• -1 

(4) 


The  last  row  exists  only  for  even  N.  The  transformation  matrix,  [T],  has  the 
property 


m IT]"^  - [D]  » 


N 


N/2 

N/2 

N/2 


(5) 


N 


i.e.,  the  rows  of  [T]  are  orthogonal. 
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Since  D is  nonsingular, 


[T][T]^[D]'^  = [I]  (6) 

• Thus,  [T]"^  » [T]^[D]"^  and 

IGJ  = luJlT]"^  = IuJ[tV^]  (7) 

In  summation  form,  Equation  7 becomes 


u°  »=(1/N)  } u" 
n*l 

(8a) 

N 

u'^^  =(2/N)  1 u”  cos(n-l)ka 
n*l 

(8b) 

u^*  *(2/N)  1 u^  sin(n-l)ka 
nsl 

(8c) 

M 

*(1/N)  i (-1)”'^  u”  (N  even  only) 
n*l 

(8d) 

It  should  be  noted  that  Equations  8 apply  to  applied  loads  and  to  internal 
forces  as  well  as  displacement  components.  The  validity  of  the  symmetrical 
components  [uj  to  represent  the  motions  of  the  system  follows  from  the  existence 
of  [T]'^.  It  remains  only  to  show  that  they  are  useful.  The  equations  of 
motion  at  points  interior  to  the  segments  are  linear  (homogenous  of  degree  1) 
in  displacements,  forces,  and  temperatures;  they  are  Identical  for  all  segments; 
and  they  are  not  coupled  between  segments. 

Thus,  the  equations  of  motion  (for  example  [K](u}*^  * {P}’'  in  static 
analysis)  can  be  additively  combined  using  one  of  the  sets  of  coefficients  in 
Equation  8,  thereby  obtaining  the  equations  of  motion  for  one  of  the  tx'ftpS’ 
formed  variables  which  will  hav:;  identically  the  same  form  (e.g.  »[K]{u}'^^  ■ 

• kr 

{p}  as  the  equations  of  motion  for  one  of  the  physical  segments. 

The  equations  of  motion  at  points  on  the  boundaries  between  segments  are 
treated  by  employing  the  notion  of  a rigid  constraint  connecting  adjacent  points. 
To  transform  the  compatibility  equation  of  constraint  (1),  notice  that 


(9) 


♦ I cos  nka  + u\^  sin  %k.ij  . ' \f 

^ ^ k=l  ^ 


Using  the  identities  cos  nka  = cos (n-l)ka*cos  ka  - sin(r.-l)ka.sin  ka  and 
sin  nka  = sin(n-l)ka«cos  ka  + cos (n-l)ka«sin  ka,  Equation  9 may  be  written 


n+1 


u. 


-0 

“l " 


*^1 

y 

k=l 


(Gj^cos  ka  + Gj^  sin  ka)cos (n-’ )ka 
+ (-Gj‘^sin  ka  * G^'^os  ka)sin(n~l)ka 


- (-1)"'^  GJ''^  (10) 


Comparing  Equation  10  with  Equation  2 evaluated  at  side  2 as  required  by 
Equation  1,  and  equating  the  coefficients  of  terms  with  the  same  dependence  on 

n,  we  obtain 


-0 


(Ha) 


Uj  cos  ka  Uj  sin  ka 
- Uj*"sin  ka  + u^^cos  ka 


-kc  \ 

“2  ( 

) k » l,***,k. 
-ks  V ^ 

“2  I 


(llb) 

(llc) 


. - G2^^/2  (lid) 


Equations  11  are  the  equations  of  constraint  for  the  symmetrical  components. 

The  only  symnetrical  components  coupled  by  the  compatibility  constraints  are 
Ic  and  Is,  2c  and  2s,  etc.  Thus,  there  are  several  unoottpled  models:  the 

K"0  model  contains  the  u®  degrees  of  freedom;  the  K ■ 1 model,  the  u and  u 
degrees  of  freedom,  etc. 

There  is  a srmewhat  arbitrary  choice  regarding  where  to  transform  the 
variables  in  the  UASTRAN  analysis.  NASThAN  structural  analysis  can  start  with 
a structure  defined  with  single  and  multipoint  constraints,  applied  loads, 
thermal  fields,  etc.,  and  reduce  the  problem  to  the  "analysis  set,"  lu^),  where 


. (P.) 


IlOO 


' '■  > 


The  vector  {u  } contains  only  independent  degrees  of  freedom, 
a 


The  decision  was 


made  in  developing  the  cyclic  symmetry  capability  to  first  reduce  each  segment 
individually  to  the  "analysis"  degrees  of  freedom  and  then  to  transform  the 
remaining  freedoms  to  symmetrical  components.  This  approach  has  several  advan- 
tages, including  elimination  of  the  requirement  to  transform  temperature  vec- 
tors and  single-point  enforced  displacements,  because  these  quantities  are 
first  converted  into  equivalent  loads.  More  importantly,  if  the  "0MIT"  feature 
is  used  to  remove  internal  degrees  of  freedom,  it  need  only  be  applied  to  one 
segment.  The  0MIT  fet^ture  greatly  reduces  the  number  of  degrees  of  freedom 
which  must  be  transformed.  The  user  specifies  all  constraints  internal  to  the 
segments  with  standard  NASTRAN  data  cards.  If  constraints  (MFC,  SPC,  and/or 
0MIT)  are  applied  to  degrees  of  freedom  on  the  boundaries,  they  will  take  pre- 
cedence over  the  intersegment  compatibility  constraints;  i.e.,  an  intersegment 
compatibility  constraint  will  not  be  applied  to  any  degree  of  freedom  which  is 
constrained  in  some  other  way.  SUP0RT  data  cards  are  forbidden  because  they 
are  intended  to  apply  to  overall  rigid  body  motions  and  will  not,  therefore, 
be  applied  to  each  segment.  In  the  case  of  static  analysis,  the  analysis 
equations  for  the  segments  are 


[K]{u}"  . {P}" 


1,  2,...,  N 


(13) 


The  analysis  equations  for  the  symmetrical  components,  prior  to  applying 
the  intersegment  constraints,  are 


[K](u}*  - {P}’ 


X s 0,  Ic,  Is,  2c,...,  N/2 


(14) 


where  (P)^  is  calculated  using  Equations  8.  The  matrix  [K]  is  the  same  for 
Equations  13  and  14  and  is  the  KAA  stiffness  matrix  of  NA&TRAN  for  one  segment. 


We  come  now  to  the  matter  of  applying  the  intersegment  compatibilitv  con- 
straints. It  is  recogni.ied  that  not  all  of  the  degrees  of  freedom  in  ai.y  trans- 
formed model  can  be  independent,  but  it  is  easy  to  choose  an  independent  set. 

We  include  in  the  independent  set,  (u)  , all  points  in  the  interior  and  on 

boundary  1 (for  both  u " and  u^*,  if  they  exist).  The  values  cf  displacement 
components  at  points  on  boundary  2 can  then  be  determined  from  Equations  11. 

The  transformation  to  the  new  set  of  iniepenJent  degrees  of  freedom  is  indicated 
by 


(15a) 

(15b) 

where  each  row  of  or  contains  only  a single  nonzero  term  if  it  is 


Uoi 


t 


an  interior  or  side  1 degree  of  freedom  and  either  one  or  two  nonzero  terms  if 
it  is  a degree  of  freedom  on  side  2.  In  arranging  the  order  of  terms  in  (u)^, 

the  user  can  specify  either  that  they  be  sequenced  with  all  {u}^'^  terms  pre- 
ceding all  {u}^*  terms,  or  that  they  be  sequenced  with  {u}^^  and  {u}^^  grid 
points  alternating.  It  should  be  emphasized  that  the  kind  of  vectors  used  in 
transformation  of  Equations  3 and  IS  are  quite  different.  In  Equation  3,  there 
is  one  component  (or  column)  for  each  segment;  in  Equation  15,  there  is  one 
component  (or  row*  for  each  degree  of  freedom  in  a segment. 

Equation  IS  is  used  to  transform  Equation  14  to  the  following  set  of 
equations  which  satisfy  the  intersegment  compatibility  conditions: 


(16) 

where 

I*!'  ■ (“Ik  "“ck  * “Ik  ““.kl 

(17) 

and 

(18) 

Because  NA5TRAN  has  sparse  matrix  routines  of  near  optimum  efficiency, 
the  time  for  the  calculatims  indicated  in  Equations  17  and  18  will  not  be 
appreciable.  After  solving  Equation  16  by  decomposition  and  substitution,  the 

"•  kc  • ks 

symmetrical  component  variables,{u}  ^ and  {u}  , are  found  from  Equations  15. 

The  physical  segment  variables,  (u)^,  are  found  from  Equation  2.  The  {u}"  are 
NASTRAN  vectors  of  the  analysis  set.  They  may  be  expanded  to  {u^}  size  by 

recovering  dependent  quantities.  Stresses  in  the  physical  segments  are  then 
obtained  via  the  normal  stress  reduction  procedures. 

The  user  may  take  an  alternate  route  if  he  knows  the  transformed  values, 
kc  ks 

} and  (^  },  for  the  forcing  functions  (loads,  enforced  displacements,  and 

tonperatures) . This  will,  for  example,  be  the  case  in  a stress  analysis  which 
follows  a teaqperature  analysis  of  the  same  structural  model  These  data  nay  be 
input  directly  to  NASTRAN,  which  will  convert  them  to  the  transformed  load 

vectors,  Data  reduction  may  also  be  performed  on  the  transfo'*med  quanti> 

ties  to  obtain  the  symmetrical  components  of  stresses,  etc. 

A shortened  iqpproxinate  m>5thod  for  static  analysis  is  available  merely  by 
setting 


• 0 


(19) 


for  all  K > KKAX.  This  is  similar  to  truncating  a Fourier  series.  The  stiff 
ness  associated  with  larger  K's  (short  azimuthal  wave  lengths)  tends  to  be 


U02 


large,  so  that  these  components  of  displacement  tend  to  be  small. 


The  cyclic  symmetry  method  has  also  been  coded  for  vibration  analysis. 

The  equation  of  motion  in  terms  of  independent  degrees  of  freedom  is 

= 0 (20) 


where  [fi]  is  derived  by  replacing  [M]  for  [K]  in  Equation  17,  The  symmetrical 
components  are  recovered  with  Equation  15.  No  provision  has  been  made  to  re- 
cover physical  segment  data  in  vibration  analysis,  because  the  physical  inter- 
pretation of  Equation  4 is  straightforward.  (Each  row  of  [T]  is  a vector  of 
the  factors  for  each  segment.)  The  available  output  data  does,  however,  include 
the  symmetrical  components  of  dependent  displacements,  internal  forces,  and 
stresses. 


Theory  for  Dihedral  Symmetry 


Dihedral  symmetry  refers  to  the  case  when  each  individual  segment  has  a 
plane  of  reflective  symmetry,  see  Figure  2.  The  segments  are  divided  about 
their  midplanes  to  obtain  2N  substructures.  The  midplane  of  a segment  is 
designated  as  side  2.  The  other  boundary,  which  must  also  be  planar,  is  called 
side  1.  The  two  halves  of  the  segment  are  called  the  right  "R"  and  left  ”L" 
halves.  The  user  prepares  model  information  for  one  R half  segment.  He  must 
also  supply  a list  of  points  on  side  1 and  another  list  of  points  on  ^ide  2. 

For  the  case  ot  dihedral  symmetry,  the  cyclic  transformation  described 
earlier  is  used  in  conjunction  with  reflective  symmetry  of  the  segments.  The 
two  transformations  are  commutable,  so  they  may  be  done  in  either  order.  The 
reflective  transform  for  a segment  is 


n,S 

^ n,A 

u * 

+ u * 

..n»S 

u * 

- u * 

segment 

(21a) 
(2lb) 

nd  R,  L the  right  and  left 
halves.  S and  A refer  to  the  symmetric  and  antisymmetric  reflective  components. 


In  the  R half  segment,  displacement  components  are  referred  to  a right 
hand  coordinate  system  and  in  the  L half  segment,  displacement  components  are 
referred  to  a left  hand  coordinate  system.  The  inverse  reflective  transform  is 
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XI j S < > tXkR  tXsL^  ^ 

u ' = i(u  * + u ’ ) (22a) 

u ' = i(u  ’ - u ' ) (22b) 


Reflective  symmetry  is  seen  to  be  very  simple.  The  equations  of  motion  at 
interior  points  of  the  S and  A half-segment  models  are  identical  in  form  pro- 
vided that  unsymmetrical  effects,  such  as  Coriolis  forces,  are  excluded. 
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The  u”*  and  u"*  components  may  be  transformed  as  follows  using  rotational 


principles. 


u^**  a u°’^  ♦ J cos(n-l)ka  + u^^’^  sin(n-l)ka]  + (-1)*^*^ 


k*l 


(23) 


where  x may  be  either  S (symmetric)  or  A (antisymmetric) . The  inverse  trans- 
formation can  be  found  by  Equations  8 for  both  the  symmetric  and  antisymmetric 
parts. 

Hxe  constraints  between  the  half  segments  arc  summarized  in  Table  1.  The 
constraints  shown  apply  between  points  joined  together  at  the  boundary  planes. 
"Even  components"  include  displacements  parallel  to  the  radial  planes  between 
segment  halves,  rotations  about  the  axes  normal  to  the  planes,  and  temperatures 
in  a thermal  analysis.  "Scalar  points"  in  a structural  analysis  have  arbi- 
trarily been  categorized  as  even  components.  "Odd  components"  include  dis- 
placements normal  to  the  radial  planes  and  rotations  about  axes  parallel  to 
the  planes.  In  Table  1 the  constraint  equations  for  the  S and  A half -segment 
model  are  obtained  by  substituting  Equations  21  into  the  equations  for  the  L 
and  R half-segment  model.  The  constraint  equations  for  the  dihedral  trans- 
form model  are  obtained  by  substituting  for  u’''**  and  from  Equation  23 

and  comparing  terms  with  the  same  dependence  on  n.  It  can  be  seen  in  the 
table  that  the  k s o and  k s n/2  models  are  conqxletely  uncoupled.  There  is 
coupling  between  the  kc,S  and  ks,A  models  and  also  between  kc,A  and  ks,S  models. 
These  two  sets  of  constraint  equations  are  related  and  one  can  be  foxind  from 

the  other  by  substituting  u^^*^  for  u^^'^  and  u^®*^  for  in  the  constraint 

equations.  With  these  substitutions,  and  noting  that  the  equations  of  motion 
are  identical  at  interior  points,  it  is  seen  that  we  only  need  to  analyze  one 
coupled  pair  of  symmetric  and  antisymmetric  half  segments  with  different  load 

sets  for  the  (u^®’®,  u^®*^)  case  and  the  (u*'®*®,  -u*'^'^)  case. 

As  in  the  case  of  general  rotational  symmetry,  a combined  set  of  indepen- 
dent degrees  of  freedom  is  formed  from  the  half  models.  The  independent  set 

(u)  includes  all  interior  points,  the  points  on  side  2 of  each  half  segment 
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in  the  (u^'^’^,  case: 

-kc,S  kiT  -K 

Uj  = cos  -jj-  u^ 

(24a) 

-ks,A  ku  -K 

Ui  = sin  -jj-  Uj 

(24b) 

while  for  odd  conqjonents ; 


-sin  ^ Uj 


(25a) 


kiT  "k 
cos  ^ 


(25b) 


Equations  24  and  25  are  equivalent  to  the  constraints  in  the  third  colunn  of 
Table  1.  The  transformation  to  the  new  set  of  independent  freedoms  may  be 
expressed  as 


. [GsKKi}^ 

Where  each  row  of  [Cg^]  or  [G^^]  contains  at  most  a single  nonzero  term.  The 
transformation  matrices  for  the  (u^**^,  -u^^'  ) case  are  identical. 

The  final  equation  which  is  solved  in  static  analysis  is 

(E]'‘{S)''  • (P)'  (27) 

Where  the  stiffness  matrix 

[R]''  . K Ggn  . gJ^  K G^j)  (28) 

and  the  load  vector  is  obtained  by  successive  application  of  the  inverse 
reflective  symmetry  transform,  Equations  22,  the  inverse  cyclic  symmetry 
transform.  Equations  8,  and  the  final  reduction  to  independent  freedoms. 
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The  form  of  the  latter  is,  for  the  case. 


(29) 


, c ,-ks,S  kc,Av 

ai.a  for  the  (u  , -u  ) case. 


(30) 


The  data  reduction  which  follows  the  solution  of  Equation  27  in  static  ^ 
analysis  includes  the  application  of  the  symmetry  transformation  to  obtain  u ’ 

and  followed  by  the  expansion  to  (u  } size  for  each  half  segment  and  the 

calculation  of  internal  loads  and  stresses.  Similar  to  the  case  of  rotational 
symmetry,  the  data  reduction  for  vibration  analysis  is  limited  to  the  recovery 
of  eigenvectors,  internal  forces,  and  stresses  for  symmetrical  component  sets 


-kc,S 
u ' 


and  u 


ks,A 


SUMMARY  OF  USER-SUPPLIED  INFORMATION 


The  cyclic  symmetry  modification  to  NASTRAN  allows  the  solution  of  struc- 
tures with  rotational  or  dihedral  symmetry  by  modeling  only  one  of  the  identical 
segments.  Special  Bulk  Data  cards  and  parameters  are  introduced  to  specify 
the  method  of  joining  the  segments.  Solutions  are  obtained  by  special  DMAP 
ALTERS  to  Rigid  Formats  1 and  3.  In  static  analysis,  input  and  output  data 
for  each  individual  segment  are  designated  as  separate  subcases.  The  output 
includes,  of  course,  the  simultaneous  effects  of  the  loads  on  all  segments. 

The  constrained  degrees  of  freedom  and  material  properties  must  be  the  same  for 
all  segments.  For  static  analysis,  the  loads,  the  values  of  enforced  displace- 
ments, and  the  temperatures  may  vary  from  segment  to  segment.  Separate  loading 
conditions  are  also  treated  as  subcases  so  that  the  total  number  of  subcases 
equals  the  number  of  segments  (or  half  segments)  times  the  number  of  loading 
conditions . 

The  SPCD  Bulk  Data  card  (Figure  3)  is  useful  for  applying  enforced 
boundary  displacements  (or  temperatures).  These  values  are  requested  by  a 
load  set;  thus,  if  different  displacements  are  specified  on  different  segments 
(i.e.,  in  different  subcases),  the  requested  SPC  constraint  set  will  not  change. 
This  must  be  done,  since  looping  on  constraint  sets  is  not  supported  in  cyclic 
symmetry  analysis. 

A Bulk  Data  card,  CYJ0IN  (see  Figure  4),  is  used  to  specify  how  the  seg- 
ments are  to  be  connected.  Existing  MPC,  SPC,  and  0MIT  constraints  may  be  used 
within  the  segments.  The  SUP0RT  card  for  free  bodies  is  forbidden  when  cyclic 
symmetry  is  used,  since  segment  free  body  modes  do  not  necessarily  imply 
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overall  free  body  modes.  Constraints  between  segments  are  applied  automatically 
to  the  degrees  of  freedom  at  grid  points  specified  on  CYJ0IN  Bulk  Data  cards 
which  are  not  otherwise  constrained.  Grid  points  are  not  allowed  to  be  placed 
on  the  axis  of  symmetry. 

The  user  must  also  define  the  following  parameters  by  means  of  PARAM  Bulk 
Data  cards: 


Parameter 


Description 


CYTYPE  Type  of  problem:  R0T  for  rotational  symmetry,  DRL  for  dihedral 

symmetry  using  right  and  left  halves,  DSA  for  dihedral  using 
symmetric  and  antisymmetric  components, 

N Integer  - The  number  of  segments. 

K Integer  - Tlie  value  of  the  harmonic  index,  used  only  for  eigen- 

value analysis. 

KMAX  Integer  - The  maximum  value  of  K,.  used  for  static  analysis. 

(Default  is  ALL) 

CYCI0  Integer  - +1  for  physical  segment  representation,  -1  for  cyclic 
transform  representation  for  input  and  output  of  data.  Static 
analysis,  default  = 1. 

CYCSEQ  Integer  - Used  for  method  of  sequencing  the  equations  in  the 
solution  set. +1  for  all  cosine  then  all  sine  terms,  -1  for 
alternating.  Default  = -1. 

NL0AD  The  number  of  loading  conditions  in  static  analysis.  Default 

= 1. 


MODIFICATIONS  OF  THE  NASTRAN  CODE 


The  NASTRAN  modifications  for  cyclic  symmetry  include  DMAP  ALTERS  to  the 
Executive  Control  Deck  and  three  new  functional  modules.  The  ALTERS  and  the 
details  of  the  new  functional  modules  are  described  in  Reference  1.  Briefly, 
the  functions  of  the  three  modules  are  as  follows: 

The  first  module,  called  CPCYC,  is  a geometry  processor  acting  on  the  CYJ0IN 
data.  It  identifies  and  classifies  the  degrees  of  freedom  involved  in  the 
boundary  constraints. 

The  second  module,  called  CYCTl,  is  used  only  in  static  analysis.  It 
transforms  excitation  quantities  (loads)  from  physical  segment  components  to 
symmetrical  components  and  it  also  transforms  output  displacements  fron  sym- 
metrical components  to  physical  segment  components.  It  is  used  for  both  types 
of  symmetry  (rotational  and  dihedral) . All  input  and  output  quantities  are 
"analysis-size”  (u.)  vectors. 
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The  third  module,  called  CYCT2,  is  used  to  transform  load  vectors  and  mass 
and  stiffness  matrices  from  symmetrical  components  to  the  solution  set  (see 
Equations  16,  17,  18,  28,  29,  30)  and  a? so  to  transform  the  results  back  to 
the  symmetrical  component  sets. 


ADVANTAGES 


The  NASTRAN  cyclic  symmetry  capability  will  result  in  a large  saving  of 
user  effort  and  computer  time  for  most  applications.  The  savings  result  from 
the  following  effects: 

1.  Grid  point  geometry  and  element  data  are  prepared  for  only  one  segment 
in  the  case  of  rotational  symmetry  or  one  half  segment  in  the  case  of 
dihedral  symmetry. 

2.  The  transformed  equations  are  uncoupled,  except  within  a given  har- 
monic index,  K,  which  reduces  the  order  of  the  equations  which  must 
be  solved  simultaneously  to  1/N  or  2/N  (where  N is  the  number  of  seg- 
ments or  symmetrical  half  segments)  times  the  order  of  the  original 
system. 

3.  Solutions  may  be  restricted  to  a partial  range  of  the  harmonic  index, 
K,  (e.g.,  to  the  lower  harmonic  orders)  which  results  in  a proportion- 
ate reduction  in  solution  time.  Some  accuracy  is  thereby  lost  in  the 
case  of  static  analysis  but  not  in  vibration  analysis. 

4.  In  the  case  of  static  emalysis,  the  0MIT  feature  may  be  used  to 
remove  all  degrees  of  freedom  at  internal  grid  points  without  any 
loss  of  accuracy.  Since  this  reduction  is  applied  to  a single  segment 
prior  to  the  symmetry  transformations,  it  can  greatly  reduce  the 
amount  of  subsequent  calculation. 

It  is  instructive  to  compare  the  advantages  of  the  NASTRAN  cyclic  symmetry 
capability  with  those  offered  by  reflective  symmetry  and  by  conventional  sub- 
structuring techniques.  The  savings  offered  by  cyclic  symmetry  will  always 
equal  or  exceed  those  provided  by  reflective  symmetry  except  for  possible  dif- 
ferences due  to  time  spent  in  transforming  variables.  For  examp? when  an 
object  has  two  planes  of  symmetry  and  two  symmetrical  segments  (the  minimum 
possible  number  in  this  case),  the  minimum  region  sizes  are  both  equal  to  one 
half  segment  for  the  two  methods,  'fhey  are  also  equal  when  the  object  has 
four  symmetrical  segments.  The  advantages  of  cyclic  symmetry  for  these  cases 
are  restricted  to  those  offered  by  the  ^IT  feature  in  static  analysis  and  by 
a higher  degree  of  input  and  output  data  organization.  Any  larger  number  of 
symmetrical  segments  increases  the  advantage  of  cyclic  symmetry  because  the 
size  of  the  fundamental  region  is  smaller. 

A method  of  conventional  substructuring  which  recognizes  identical  sub- 
structures can  also  restrict  the  amount  of  grid  point  geometry  and  element 
data  preparation  to  a single  substructure  and  can  use  the  0MIT  feature  in  the 
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same  way  as  cyclic  symmetry.  The  advantage  which  cyclic  symmetry  retains  over 
conventional  substructuring  lies  in  its  decomposition  of  degrees  of  freedom 
into  uncoupled  harmonic  sets.  This  is  an  important  advantage  for  eigenvalue 
extraction,  but  the  advantage  for  static  analysis  is  relatively  small  and 
depends  in  a complex  manner  on  the  number  of  segments  and  on  the  method  of 
matrix  decomposition. 

In  addition  to  the  analysis  of  structures  made  up  of  a finite  number  of 
identical  substructures,  cyclic  symmetry  can  also  be  used  for  purely  axisym- 
metric  structures.  In  this  case  the  circumferential  size  of  the  analysis 
region  is  arbitrarily  selected  to  be  some  small  angle,  for  example,  one 
degree.  Grid  points  are  then  placed  on  the  boundary  surfaces  but  not  in  the 
interior  of  the  region,  and  the  region  is  filled  with  ordinary  three- 
dimensional  elements.  The  principal  advantage  of  this  procedure  is  that 
ordinary  three-dimensional  elements  are  used  in  place  of  specialized  axi- 
symmetric  elements.  In  NASTRAN  the  number  of  available  types  and  features  for 
ordinary  three-dimensional  elements  far  exceeds  those  available  for  axisym- 
metric  elements,  so  that  cyclic  symmetry  immediately  enlarges  the  analysis 
possibilities  for  axisymmetric  structures.  In  particular,  the  rotational 
symmetry  option  can  accommodate  axisymmetric  structures  with  nonorthotropic 
material  properties,  which  the  available  axisymmetric  procedures  cannot.  It 
is  possible,  in  the  long  irun,  that  cyclic  symmetry  will  completely  replace 
the  relatively  expensive  NASTRAN  axisymmetric  capability.  New  input  data 
cards  modeled  on  existing  axisymmetric  data  cards  are  needed  to  facilitate 
the  use  of  cyclic  symmetry  for  this  purpose. 


EXAMPLE  PROBLEMS 


Acoustic  Vibrations  of  the  Central  Cavity  in  a Solid  Rocket  Motor 

NASTRAN  includes  the  ability  to  solve  the  acoustic  wave  equation  which 
may  be  written  in  vector  notation  as 

7»  i VP  « w*  i P (31) 

P B 

where  P is  the  pressure,  p is  the  density,  B is  the  bulk  modulus, and  oi  is  the 
frequency  in  radians  per  unit  time.  The  theoretical  development  of  finite 
fluid  elements  for  solving  problems  with  axisymmetric  geometry  is  described 
in  Section  16.3  of  the  NASTRAN  Theoretical  Manual,  Reference  6.  One  of  the 
products  of  that  development,  namely  the  family  of  CSL0T  elements,  can  be  used 
to  solve  the  planar  wave  equation  for  a fluid  disk  of  either  constant  or 
variable  thickness,  provided  that  there  is  no  variation  of  pressure  normal  to 
the  plane  of  the  disk. 

The  CSUn*  elements  were  used,  in  the  present  application,  to  model  the 
prismatic  central  cavity  of  a typical  solid  rocket  motor  whose  cross  section  is 


shown  in  Figure  5.  The  cross-section  has  dihedral  symmetry  with  seven  segments 
(fourteen  half  segments).  The  axial  length  cf  the  cavity  is  long  compared  to 
its  diameter,  and  the  problem  of  interest  was  the  calculation  of  the  lowest 
lateral  vibration  mode,  i.e.,  the  lowest  mode  exhibiting  a pressure  gradient 
across  the  diameter  of  the  cavity.  From  the  derivations  described  earlier  in 
the  paper,  it  is  clear  that  the  vibration  modes  of  the  cavity  have  distinct 
harmonic  indices  K;  it  is  also  clear,  from  physical  reasoning,  that  K » 1 pro- 
duces the  lowest  lateral  mode.  Thus,  calculations  were  restricted  to  K ® 1. 

The  finite  element  model  for  a single  half  segment  is  shown  in  Figure  6. 

It  contains  71  grid  points  (with  one  degree  of  freedom  per  grid  point),  39 
triangular  CSL0T3  elements  and  29  quadrilateral  CSL0T4  elements.  A model 
based  on  reflective  symmetry  would  have  seven  times  as  many  finite  elements. 

The  mesh  spacing  is  finer  in  the  region  where  large  pressure  gradients  are 
expected.  Details  of  the  modeling  process  for  this  problem  are  described  in 
Reference  7.  The  frequency  of  the  lowest  lateral  mode  was  calculated  to  be 
17410  hertz.  The  distribution  of  radial  velocities  at  lobe  throats  is  indi- 
cated in  Figure  5.  The  mode  shape  results  produced  by  the  computer  are  the 
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symmetrical  components,  u ' and  u * , for  the  pressures  at  grid  points, 
and  for  the  velocity  components  within  elements.  The  formulas  used  to  get 
physical  components,  obtained  by  combining  Equations  21  and  23,  are 

Right  Half  Segments: 

cos(n-l)a  ♦ u^^’^  sin(n-l)a  (32a) 


Left  Half  Segments: 

u'^’^  ■ cos(n-l)a  - G^**^  sin(n-l)a  (32b) 


Parabolic  Reflector  for  the  ATS-F  Spacecraft 


An  artist's  rendering  of  the  deployed  Lockheed  30-ft  parabolic  reflector 
on  the  ATS-F  spacecraft  is  shown  in  Figure  7.  The  antenna  is  composed  of  48 
flexible  aluminum  ribs  cantilevered  symmetrically  about  a central  hub  at  7.5 
degree  incroaents.  The  reflective  surface  consists  of  a thin  mesh  woven  from 
copper  coated  dacron  yam.  When  deployed,  the  mesh  is  under  tension  so  as  to 
remain  taut  during  orbit. 

The  parabolic  ribs  have  an  "open-C"  (i.e.,  snai-lenticular)  cross  section 
which  tapers  in  both  width  and  depth  from  the  rib  attachment  at  the  central  hub 
to  the  outer  tip.  This  construction  permits  the  ribs  to  be  wrapped  tightly 
around  the  hub  in  the  stored  configuration.  As  shown  in  Figure  8,  integral 
stiffeners  and  varying  diameter  holes  to  accommodate  deformations  during  storage 
are  characteristic  of  the  design.  Hie  nonisotropic  mesh  is  formed  by  double 
strand  radial  and  single  strand  circumferential  yam.  Tests  have  shown  that 
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Poisson’s  ratio  is  essentially  zero  for  this  material  so  that  circumferential 
and  radial  yams  can  be  assumed  to  act  independently. 


It  is  clear  from  the  shape  of  the  ribs  that  the  structure  does  not  possess 
dihedral  symmetry.  It  does,  however,  possess  rotational  symmetry  and  it  was 
modeled  by  describing  only  one  7.5  degree  segment.  For  the  analysis  the  chosen 
segment  had  the  rib  centrally  located  with  the  mesh  extending  3.75  degrees  on 
either  side.  The  rib  was  modeled  using  745  grid  points,  i.e.,  5 grid  points 
through  each  section  at  149  sections  along  the  rib.  592  CQUAD2  elements,  60 
CONR0D  elements,  and  300  CBAR  elements  were  employed.  The  thicknesses  of  the 
quadrilaterals  were  adjusted  to  account  for  the  holes,  and  the  bars  and  rods 
were  used  to  represent  the  integral  stiffeners.  50  additional  grid  points  were 
used  to  model  the  mesh,  i.e.,  one  mesh  point  on  either  side  of  the  rib  at  each 
of  25  stations  along  the  rib.  The  effects  of  the  radial  mesh  strands  were 
neglected  in  the  analysis  and  only  the  circumferential  strands  were  included. 

To  represent  the  elastic  stiffness  of  the  mesh,  50  CR0D  elements  were  attached 
circumferentially  at  the  same  25  stations  along  the  rib.  100  CEIAS2  elements 
were  employed  at  these  stations  to  represent  the  radial  and  axial  "string- 
stiffness"  arising  from  the  pre-tension  in  the  mesh. 

The  0MIT  feature  was  utilized  to  reduce  the  original  problem  of  nearly 
4600  degrees  of  freedom  to  an  analysis  set  containing  234  freedoms.  This  was 
accomplished  by  eliminating  all  freedoms  on  the  rib  except  those  at  14  points 
distributed  along  the  edge  next  to  the  reflector.  The  234  members  of  the 
analysis  set  consisted  of  3 x 50  « ISO  translational  degrees  of  freedom  at  the 
boundary  mesh  points  and  6 x 14  « 84  translational  and  rotational  degrees  of 
freedom  along  the  rib.  Model  generation,  Guyan  reduction,  and  extraction  of 
three  eigenvalues  using  the  inverse  power  method  took  about  30.0  minutes  of 
CPU  time  on  the  Goddard  Space  Flight  Center  IBM  360/95  computer. 

The  computed  frequencies  for  the  three  lowest  axisymmetric  (K  « 0)  modes 
and  the  lowest  lateral  (K  w i)  mode  are  as  follows: 


K value 
0 
0 
0 
1 


Freq. (hertz) 

1.19  (test  1.17) 
6.11 
6.46 
4.73 


In  the  lowest  K ■ 0 mode  the  tips  of  the  ribs  move  collectively  in  the 
azimuthal  direction.  Its  computed  frequency  compares  well  with  the  experiment- 
ally measured  frequency. 
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S and  A Half-Segmenc  Model  Dihedral  Transform  Model 


Segment  2 


1.  The  user  models  one  segment. 

2.  Each  segment  has  Its  own  coordinate  system  which  rotates  with  the  segment. 

3.  Segment  boundaries  may  be  curved  surfaces.  The  local  displacement  coordi- 
nate systems  must  conform  at  the  joining  points.  The  user  gives  a paired 
list  of  points  on  Side  1 and  Side  2 which  are  to  be  joined. 


Figure  1.  Rotational  Symmetry 
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1.  The  user  models  one-half  segment  (an  R segment).  The  L half  segments 
are  mirror  images  of  the  R half  segments. 

2.  Each  half  segment  has  its  own  coordinate  system  which  rotates  with  the 

segment.  The  L half  segments  use  left  hand  coordinate  systems.  4 

i 

3.  Segment  boundaries  must  be  planar.  Local  displacement  systems  axes,  i 

associated  with  intersegment  boundaries,  must  be  in  the  plane  or  normal 

to  the  plane.  The  user  lists  the  points  on  Side  1 and  Side  2 which  are 
to  be  joined. 


Figure  2.  Dihedral  Symmetry 
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Input  Data  Card  SPCD 


Description:  Defines  an  enforced  displacement  value  for  static  analyses, 

which  is  requested  as  a L0AD. 


Format  and  Example: 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

SPCD 

ESI 

G 

C 

D 

1 ^ 

c 

D 

X 

SPCD 

100 

32 

436 

-2.6 

1 5 

J 

♦ 2.9 

Field  Contents 

SID  Identification  minber  of  a static  load  set.  (Integer  0) 

G Grid  or  scalar  point  identification  number  (Integer  > 0) 

C Coiqponent  number  (6^  Integer  > 0 ; up  to  six  unique 

such  digits  be  placed  in  the  field  with  no  imbedded 
blanks) 

D Value  of  enforced  displacement  for  all  coordinates 

designated  by  G and  C (Real) 


Remarks:  1.  A coordinate  referenced  on  this  card  must  be  referenced  by 

ai^  SPC  or  SPCl  data  card. 


2.  Values  of  L will  override  to  values  specified  on  an  SPC 
Bulk  Data  card,  if  the  L0AD  set  is  requested. 

3.  The  Bulk  Data  L0AD  combination  card  will  not  request  an  SPCD. 

4.  At  least  one  Bulk  Data  lead  card  (F0RCE,  SL0AD,  etc.)  is 
required  in  the  load  set  selected  in  case  control. 


Figure  3.  SPCD  Bulk  Data  Card  Format 
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Input  Data  Card  CVJ01N 


Description:  Defines  boundarj^  points  of  segments  in  cyclic  symmetry  problems. 

Format  and  Example: 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

CYJ0IN 

SIDE 

C 

G1 

G2 

G3 

G4 

G5 

G6 

abc 

CYJ0IN 

1 

7 

9 

16 

25 

35 

64 

ASC 

+bc 

G7 

G8 

G9 

-etc,- 

+BC 

72 

Alternate  Form 


CYJ0IN 

SIDE 

C 

GIDl 

'•THRU” 

GID2 

CYJ0IN 

2 

5 

6 

THRU 

32 

Field  Contents 


SIDE  Side  Identification  (Integer  1 or  2) 

C Coordinate  System  (BCD  R,C  or  S or  blank) 


Gi,GIDi 


Grid  or  scalar  point  identification  numbers  (Integer  > 0) 


Remarks : 1.  CYJ(?IN  Bulk  Data  cards  are  only  used  ^ cyclic  symmetry  problems. 

A parameter  (CTYPE)  must  specify  rotational  or  dihedral  symmetr>'. 


2.  For  rotational  problems  there  must  be  one  logical  card  for  SIDE-1 
and  one  for  SIDE=2.  The  two  lists  specify  grid  points  to  be  con- 
nected, hence  both  lists  must  have  the  same  length. 

3.  For  dihedral  problems,  side  1 refers  to  the  boundary  between 

segments  and  side  2 refers  to  the  middle  of  a segment.  A 
coordinate  system  must  be  referenced  in  field  where  R » 
rectangular,  C vlindrical,  and  S * spherical.  If  a rect- 

angular system  is  chosen,  the  1 and  3 axes  must  lie  in  the 
boundary  plane. 


4.  All  components  of  displacement  at  boundary  points  are  connected 
to  adjacent  segments,  except  those  constrained  by  SPC,  MPC,  or 
(9MIT. 


Figure  4,  CYJ0IN  Bulk  Data  Card  Format 
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THREE  ISOPARAMETRIC  SOLID  ELEMENTS  FOR  NASTRAN 

By  Stephen  E,  Johnson  and  Eric  !•  Field 

Universal  Analytics,  Inc. 

Los  Angeles,  California 


. SUMMARY 

i 

Linear,  quadratic,  and  cubic  isoparametric  hexahedral  solid  elements  have 
j been  added  to  the  element  library  of  NASTRAN.  These  elements  are  available  for 
static,  dynamic,  buckling,  and  heat-transfer  analyses.  Because  the  Isopara- 
; metric  element  matrices  are  generated  by  direct  numerical  Integration  over  the 
1 volume  of  the  element,  variations  in  material  properties,  temperatures,  and 
stresses  within  the  elements  are  represented  in  the  computations.  In  order  to 
; compare  the  accuracy  of  the  new  elements,  three  similar  models  of  a slender 
! cantilever  were  developed,  one  for  each  element.  All  elements  performed  well. 

’ As  expected,  however,  the  linear  element  model  yielded  excellent  results  only 
I when  shear  behavior  predominated.  In  contrast,  the  results  obtained  from  the 
quadratic  and  cubic  element  models  were  excellent  in  both  shear  and  bending. 

INTRODUCTION 

New  aerospace  vehicle  concepts,  such  as  the  Space  Shuttle,  have  added 
impetus  for  the  continued  updating  of  NASTRAN  with  the  best  state-of-the-art 
finite  element  technology.  In  response  to  this  need,  the  three-dimensional 
family  of  linear,  quadratic,  and  cubic  isoparametric  hexahedral  solid  elements 
were  developed  for  and  Installed  in  NASTRAN.  These  three  new  elements  signifi- 
cantly Improve  NASTRAN* s capability  to  solve  any  three-dimensional  solid  prob- 
lem requiring  static,  dynamic,  buckling,  and/or  heat-transfer  analysis. 

THEORETICAL  BACKGROUND 

Hexahedron  solid  Isoparametric  elements  may  be  used  to  analyze  any  three- 
dimensional  continuum  composed  of  isotropic  or  anisotropic  materials.  Examples 
- Include  thick  Inserts  in  rocket  engine  nozzles,  thermal  protection  system 
. . insulations,  soil  structure  interaction  problems,  and  geometrically  complex 
thick-walled  mechanical  components  such  as  pumps,  valves,  etc.  These  solid 
elements  have  only  three  degrees  of  freedom  at  each  grid  point  (the  three  dis- 
placement components),  and  they  may  be  combined  with  all  other  nonaxlsymmetrlc 
NASTRAN  elements. 

The  Isoparametric  solid  elements  were  first  presented  by  Irons,  Ergatoudis 
and  Zienkiewicz  [Refs.  1 to  4).  Isoparametric  solid  elements  employing  either 
eight,  twenty  or  thirty-two  grid  points  have  been  found  to  be  suitable  to  solve 
most  problems  (Figure  1).  These  elements  correspond  to  assuming  a linear, 

I quadratic,  and  cubic  variation  of  displacement,  respectively.  Clough  [Ref.  5] 

I conducted  an  evaluation  of  three-dimensional  solid  elements  and  showed  that  the 

i 
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pointed  out  that  the  choice  of  which  isoparametric  element  is  best  to  use 
depends  on  the  type  of  problem  being  solved.  For  problems  involving  shear  and 
bending  type  deformations,  the  higher  order  elements  are  preferred  over  the 
linear  elements  which  should  be  used  for  problems  in  which  shear  stresses  pre- 
dominate. It  is  for  this  reason  that  all  three  isoparametric  elements  have 
been  incorporated  into  NASTRAN. 

The  governing  equations  for  isoparametric  elements  are  based  on  minimum 
energy  principles.  The  derivation  of  these  equations  assumes  a displacement 
function  over  the  element  which  depends  on  grid  point  displacements  only.  The 
governing  equations  are  obtained  by  minimizing  the  Potential  Energy  which  is 
evaluated  in  terms  of  these  displacement  functions. 


Jisplacement  Functions 

The  name  isoparametric  is  derived  from  the  fact  that  the  interpolating  or 
shape  functions  used  to  represent  the  deformation  of  the  element  are  also  used 
to  represent  the  geometry  of  the  element.  This  choice  insures  that  the  element 
displacement  functions  satisfy  the  criteria  necessary  for  convergence  of  the 
finite  element  analysis  [Ref.  4].  Referring  to  the  curvilinear  coordinates 

shown  in  Figure  1,  the  rectangular  basic  x,y,z  coordinates  at  any  point 
in  the  ^ement  are  obtained  from  the  NASTRAN  basic  coordinates  at  each  of  the 
n grid  points  by: 


I 


2 N 


(1) 


where  the  Nj^(5,n»5)  are  shape  functions  which  depend  on  the  number  of  grid 
points  used  to  define  the  element  geometry.  The  functions  are  either  linear 
quadratic,  or  cubic,  and  correspond  to  employing  two,  three,  or  four  grid  points 
respectively,  along  each  edge  of  the  element.  This  choice  insures  that  there 
are  no  geometric  gaps  between  grid  points.  Expressions  for  the  shape  functions 
may  be  found  in  Reference  6. 


The  deformation  of  the  element  is  represented  with  the  identical  interpo- 
lating functions  used  to  define  the  geo.  cry;  that  is: 


(2) 


where  u,  v and  w are  displacements  along  the  x,  y and  z basic  coordinate  axes. 
The  displacement  functions  satisfy  the  required  convergence  criterion 

of  adequately  representing  a constant  strain  state,  and  Insure  Interelement 
compatibility  along  the  complete  element  boundary  [Ref.  4]. 
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Strain-'Displacement  Relations 


Equation  (2)  may  be  used  in  the  well-known  strain-displacement  relations  for 
a three-dimensional  continuum  [Ref,  7]  to  define  the  strain  vector  {e}  in  terms 
of  the  grid  point  displacements: 


{e}  = 


I I 
^1  ^ ^2  ^ 


I 


I C, 
I 


■] 


U, 


w. 


> = [Cl  {u^} 


n 


(3) 


where 
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3N^ 
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3N^ 

5T 
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(A) 


In  order  to  evaluate  the  strain  matrix  [C],  the  derivatives  of  the  shape 
functions  with  respect  to  x,  y,  and  z must  be  calculated.  Since  is 

defined  in  terms  of  n and  it  is  necessary  to  use  the  relation  that 
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3N. 
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where  (J]  is  the  Jacobian  matrix.  It  is  easily  evaluated  by  noting  that 


3x 

H 

h. 

3z 

H 

' 3N^  3N2 

3T’  5T’ 

3N 

n 

•••3^ 

’‘l 

^1 

"1 

II 

3x 

3n 

3jr 

3n 

3z 

3n 

= 

3Nj^  3N2 

3tT’  W* 

3N 

n 

•**  3n 

*2 

^2 

^2 

3x 

h 

3C 

3z 

3Nj^ 

3N 

n 

*•*  3C 

X 

n 

• 

* 

z 

n 

where  the  subscripts  1,  2,  ...  n denote  the  n grid  points  of  an  element. 

Stress-Strain  Relations 

The  stress-strain  relations  for  a general  elastic  material  are 

io)  - [Gg]  {e  - e^}  (7) 

where  {o}  is  the  6x1  stress  vector  in  the  basic  coordinate  system,  [Gg]  is  a 
6x6  symmetric  «.lastic  material  matrix,  and  is  the  6x1  thermal  strain  vector. 

This  thermal  strain  vector  is  defined  as 


{Og} 


2^  Nj  (5,n.O 
i-l 


(8) 


where  {Og}  is  a vector  of  6 thermal  expansion  coefficients,  and  is  the  tem- 
perature at  the  1^^  element  grid  point. 

Stiffness,  Mass,  and  Load  Matrices 

The  stiffness,  mass,  and  load  matrices  for  the  isoparametric  element  are  derived 
by  application  of  the  Principle  of  Virtual  Work.  These  element  matrices,  rela- 


tive  to  the  basic  coordinate  system,  are  given  by 

+1  +1  +1 
rtf 

"'..1  • 1 j J 
-1  -1  -1 

|j|  dC  dn  dc 

(9) 

+1  +1  +l 
rtf 

^“ee^  "111 

-1  -1  -1 

dC  dn  dc 

(10) 
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+1  +1  +1 


{p/} 

e 


» f 

4 4 


tc]^  [G-]  {ttg}  |J 


-1  -1  -1 
+1  +1 


(I? ^0 


dC  dn  dC 


- J j [N(€,n.-I)l^  |j|  {J"^}  d?  dn 


-1  -i 

+1  +1 


- J P_^  1j|  {J'^}  dS  dC 


+1  +1 

I I 

-1  -1 


tN(C,n,+i)l 


{j“^}  d5  dn 


[where  [K^^]  Is  Che  element  stiffness  matrix  In  the  basic  coordinate  system, 

I mass  matrix,  {P^^}  is  the  thermal  load  vector,  and  {P^P}  is  the 
J pressure  load  vector  derived  from  surface  pressures  on  each  of  the  six  faces 
i of  the  solid  element.  |j{  is  the  determinant  of  the  Jacobian  matrix,  and  [N] 
Is  a matrix  of  the  isoparametric  shape  function  defined  by 


0 

0 I 
1 

0 

0 1 
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I “ 
1 

0 

0 

[N]  - 

0 

«1 

0 1 
1 

0 

1 

0 1 . . . 
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1 0 
1 
1 

N 

n 

0 

(13) 

0 

0 

1 

0 

0 

"pi 

1 0 
1 

0 

N 

n 

I 

P_^  is  the  uniform  normal  pressure  (positive  outward)  applied  to  the  face  of 
the  element  where  5 • -1;  P_^  Is  the  pressure  applied  to  the  face  where 

n “ “1»  etc.;  and  {J^^)  are  the  first,  second,  and  third  col- 

umns, respectively,  of  the  Inverse  of  the  Jacobian  matrix.  Products  like 
|j|  {J^^}  in  the  expression  for  pressure  load  are  equivalent  to  a vector  of 

direction  cosines  multiplied  by  a surface  area  scaling  factor  relating  the  curvi- 
linear coordinates  to  the  basic  coordinate  system. 

The  Integrals  In  equations  (9)  to  (12)  are  evaluated  numerically  by  using  the 
method  of  Gaussian  Quadrature  [Ref.  8].  In  the  above  equations,  therefore,  [C], 
|j|,  and  [N]  must  be  evaluated  at  each  interior  point  used  for  nurorlcal  Inte- 
gration. [G^],  {a^},  and  p can  also  be  evaliMted  at  each  Integration  point. 

Thus,  variations  in  these  quantities  are  allowed  because  of,  say,  teiq>crature- 
dependcnt  material. 
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The  computations  for  the  isc parametric  elements  are  carried  out  in  the 
basic  coordinate  system.  If  the  global  coordinate  system  at  any  grid  point  is 
different  from  the  basic  system,  the  final  matrices  and  vectors  are  transformed 
into  that  global  system. 

Stress  Recovery 

ITie  equation  for  calculating  element  stresses  at  any  interior  point  of  an 
isoparametric  element  may  be  obtained  by  combining  equations  (3),  (7),  and  (8)  c 
follows : 


{a}  - [G^]  [C]  {u^}  - {a,} 


(S 


(14) 


[C]  and  are  functions  of  the  element  curvilinear  coordinates  evaluated 

at  the  point  at  which  stresses  are  desired. 

Differential  Stiffness  Matrix 

The  differential  stiffness  matrix  for  the  isoparametric  solid  element  is 
derived  by  adding  the  energy  of  an  initial  stress  state  to  the  potential  energy 
function.  This  additional  energy  is  derived  in  Reference  9 and  is  given  by 


i 1 


2 2 

+ o)+u)  (o  +a)+o)  (o  +o) 

y z y X z z X y 


-2(»)WT  -2u)(i)T  -2wu)T  dV 

xyxy  yzyz  zxzxj 


(15) 


where  the  rotations  are  given 

by 
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(16) 


These  rotations  nay  be  expressed  in  terns  of  the  grid  point  displacements  by 
using  equation  (1) : 


W V - Cl  • Co  I 

» y 1 1 I 2 I 

' (ii  ' 


(17) 
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' Substituting  equation  (17)  into  equation  (15)  and  adding  this  function  to  the 
[lotential  energy  expression  yields  the  differential  stiffness  matrix: 
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vs  with  the  structural  stiffness  matrix,  this  integral  is  evaluated  using  the 
nethod  of  Gaussian  Quadrature.  The  differential  stiffness  is  computed  in  the 
>aslc  coordinate  system  and  then  transformed,  as  required,  to  the  NASTRAN 
global  system. 


IMPLEMENTATION 

Many  existing  NASTRAN  functional  modules  and  subroutines  were  modified  to 
Implement  the  Isoparametric  solid  elements.  Several  new  subroutines  were  also 
^dded.  These  modules  and  brief  descriptions  of  the  changes  to  each  are  listed 
^n  Table  1.  The  detailed  description  of  these  changes  presented  in  Reference  10 
:an  be  used  to  augment  the  NASTRAN  Progranner's  Manual  instructions.  Section  6.8, 
rO  assist  in  the  installation  of  other  new  elements  of  similar  complexity.  Many 
^f  the  changes  are  those  normally  required  when  Implementing  new  elements.  How- 
ever, in  this  case,  changes  were  also  required  in  the  PL0T  module  (to  plot 
three'diirensional  elements),  the  GP3  module  (to  process  a new  external  pressure 
Load),  .nd  in  various  other  modules  to  acconmodate  the  large  space  requirements 
>f  the  32-grid-polnt  cubic  element. 

It  should  be  noted  that  the  isoparametric  elements  were  installed  in  func- 
tional modules  SMAl,  SMA2,  and  DSMGl  on  an  interim  basis  only.  The  element 
natrix  subroutines  were  designed  specifically  for  the  new  Element  Matrix  Gener- 
ator module  and  will  be  made  available  with  Level  16  of  NASTRAN. 


EVALUATION 


I A slender  cantilever  beam  model  was  chosen  to  evaluate  the  performance  of 
he  three  new  isoparametric  solid  elements  in  NASTRAN.  This  model  was  chosen 
or  two  reasons:  (1)  theoretical  solutions  are  well  known,  and  (2)  solid  finite 
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elements  characteristically  do  not  perform  well  when  used  to  model  structures 
which  exhibit  predominant  bending  behavior. 

Three  models  were  prepared  as  shown  in  Figures  2 3,  and  one  with  each 

of  the  three  elements:  IHEXl,  IHEX2,  and  IHSX3,  the  linear,  quadratic,  and 

cubic  elements,  respectively.  All  three  beam  models  had  a length  (L)  of  3.66m 
(144  in.)  and  a uniform  rectangular  cross  section  with  depth  (D)  of  0.61m 
(24  in.)  and  width  (W)  of  0.30m  (12  in.).  The  same  uniform  material  properties 
shown  in  Table  2 were  used  for  all  three  models.  Static,  normal  modes,  and 
buckling  analyses  were  performed  for  each  of  the  beam  models. 


Statics 

For  the  static  analyses,  all  de^*ees  of  freedom  at  the  base  of  the  beam 
(z  ■ 0)  were  completely  fixed.  All  three  models  were  subjected  to  the  same 
four  loading  conditions: 

1.  Linear  thermal  gradient  (Y-direction) 

T - 322.04  K at  Y - 0 (120°  F at  Y - 0) 

T - 188.71  K at  Y - 0.61m  (-120*  F at  Y - 24  In.) 

2.  Uniform  temperature  rise 
AT  - 55.56  K (100*  F) 

3.  Compressive  axial  pressure  (Z-dlrection) 

Pj,  - -2.954  X 10*  N/m*  at  Z - 3.66m  (-42837  psi  at  Z - 144  in.) 

4.  Transverse  pressure  p-direction) 

- 6.895  X 10®  N/m*  at  Y - 0 (100  psi  at  Y - 0) 

The  results  for  the  tip  displacements  are  summarized  in  Table  3,  where  the 
computed  solutions  are  coo^ared  with  the  theoretical  solutions.  The  maximum 
error  for  the  linear  IHEXl  element  was  10. 3Z  for  the  transverse  pressure  load. 
For  the  quadratic  and  cubic  elements,  IHEX2  and  IHEX3,  the  maximum  errors  of 
4.5Z  and  3.5Z,  respectively,  occurred  in  the  solutions  for  the  thermal  gradient 
load.  For  the  transverse  pressure  load,  the  errors  were  1.6Z  for  the  IHEX2 
element  model,  and  I.IZ  for  IHEX3.  Thus,  the  hi^er  order  isoparametric  solid 
elements  perform  very  well  when  used  to  model  the  bending  behavior  of  this  beam. 

Normal  Modes 

In  the  normal  mode  analyses,  the  seme  single  point  constraints  were 
applied  to  all  three  models  in  the  following  leanner:  All  Z components  of  dis- 

placeawnt  in  the  plane  Z * 0 and  all  Y components  along  the  line  Z > 0, 

Y ■ 0.30m  (12  in.),  were  fixed.  For  the  IHEXl  and  IHEX3  models  only,  all  X 
components  along  the  line  Z • 0,  X « 0,  were  fixed.  For  the  IHEX2  m^el  only, 
the  X components  along  the  line  Z > 0,  X - -O.lSm  (6  in.),  were  fixed.  This 
system  of  constraints  was  chosen  to  allow  dilatation  at  the  baae  of  the  beam. 

The  particular  set  of  constraints  used  for  the  IHEX2  model  has  the  sdditional 
advantage  of  symwtry. 
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The  inverse  power  method  was  used  to  extract  the  first  three  normal  modes 
of  each  model.  The  results  for  the  natural  frequencies  are  summarized  In 
Table  A.  The  computed  natural  frequencies  for  the  IHEX2  and  IHEX3  m Jels  are 
within  3.0  per  cent  of  the  theoretical  solution.  The  natural  frequency  for  the 
IHEXl  model  is  2.7%  off  for  bending  in  the  Y-direction,  but  it  is  off  by  18.3% 
and  IS. 8%  for  the  two  bending  modes  about  the  X-dircction.  These  er:  s are 

probably  caused  by  an  insufficient  number  of  elements  through  the  width  of  the 
beam  in  the  X-direction.  Using  a smaller  mesh  size  with  more  IHEXl  elements 
would  Improve  these  results  at  the  expense  of  Increased  computer  costs.  This 
problem,  therefore,  serves  to  demonstrate  even  more  clearly  the  superiority  of 
the  IHEX2  and  IHEX3  elements  over  the  IHEXl  element  for  modeling  the  bending 
behavior  of  structures. 

All  the  computed  mode  shapes  for  all  three  models  showed  excellent  corre- 
lation with  the  theoretical  solution  [Ref.  11].  Comparative  plots  of  the  mode 
shapes  are  not  Included  in  this  paper  because  there  would  be  no  visible  dis- 
tinction between  computed  and  theoretical  solutions. 


Buckling 

Each  of  the  three  beam  models  was  used  to  compute  the  critical  buckling 
load  for  axial  pressure.  The  same  system  of  constraints  used  to  compute  normal 
modes  was  used  to  compute  the  axial  pressure  buckling  load.  The  applied  pres- 
sure on  the  end  of  the  beam  was  -2.954  x 10*  N/m^  (42,837  psl).  This  amoimts 
to  a trtal  applied  force  of  -5.406  x 10^  N (-1.234  x 10^  lb),  which  is  equal  to 
the  theoretical  critical  load  for  buckling  in  the  X-dlrectlon.  Therefore,  the 
fundamental  eigenvalue  for  buckling  should  have  been  xmlty. 

Again,  the  inverse  power  method  was  used  to  extract  the  three  lowest  buck- 
ling modes.  The  results  for  the  buckling  eigenvalues  X are  presented  in 
Table  5.  The  IHEX2  and  IHEX3  elem«>*'t  results  are  excellent.  They  are  within 
0.7%  of  the  theoretical  solution.  The  eigenvalue  for  the  IHEXl  element  model 
la  in  error  by  leis  than  10%  for  buckling  in  the  Y-direction.  However,  it  is 
off  by  more  than  40%  for  both  buckling  modes  in  the  X-direction.  This  situation 
is  siuiilcr  to  that  of  the  normal  mode  problem  for  the  IHEXl  element  model. 

Again,  it  is  probably  due  to  the  lack  of  an  adequate  nus^er  of  elements  through 
the  width  of  the  beam  in  the  X-direction. 

AS  was  the  case  tor  thu  normal  modes  problem,  the  mode  shapes  computed  by 
NASTRAN  for  buckling  ware  v«<ry  close  to  the  theoretical  shapes.  Thus,  no  plots 
comparing  computed  shapes  with  theoretical  shapes  are  included  in  this  paper. 

OOMaUDING  REMARXS 

All  three  isoparametric  solid  elements  produced  good  results  for  static, 
normal  mode,  and  buckling  analyses.  As  ejected,  the  linear  element  results 
showed  that  it  is  best  used  when  shetr  behavior  predominates.  The  superiority 
of  the  quadratic  and  ct^lc  elesMnts  was  confirmed  by  the  excellent  resui'.s 
obtained  in  both  the  bending  and  the  shear  behavior  of  a cantilever  bean  model. 
Therefore,  the  impleMntation  of  these  three  isoparametric  solid  elemer/'s,  which 
provide  for  variations  in  both  swterial  propertl<s  and  stressei.  throughout  the 
element,  does  greatly  enhance  the  total  modeling  capability  of  NASTRAN. 
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TABLE  1.  FUNCTIONAL  MODULE  MODIFICATIONS  TO  IMPLEMENT 
ISOPARAMETRIC  SOLID  ELEMENTS 


IFP 

GP2 

PLTSET 

PL0T 

GP3 


New  Bulk  Data  cards  were  added 


Array  sizes  were  Increased  to  accommodate  elements 
with  32  grid  points 


Array  sizes  were  increased  to  accommodate  elements 
with  32  grid  points 

Capability  for  plotting  solid  elements  was 
implemented 


Processing  of  the  isoparametric  element  pressure 
card  was  implemented 


TAl  - Capability  to  append  grid  point  temperatures  to 
EST/ECPT  entries  was  implemented 


SMAl  - Stiffness  and  conductance  matrix  generation  for 
the  new  elements  was  Implemented 


SMA2  - Mass  and  capacitance  matrix  generation  for  the  new 
elements  was  Implemented 


SSGl  - Load  vector  generation  for  thermal  and  pressure 
loads  on  the  new  elements  was  implemented 


DSMGl  - Differential  stiffness  matrix  generation  for  the 
new  elements  was  Implemented 


SDR2  - Stress  calculations  for  individual  grid  points  of 
the  new  elements  was  Implemented 

0FP  - Stress  printout  formats  for  the  new  elements  were 
Implemented 
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TABLE  2.  MATERIAL  PROPERTIES  OF  THE  CANTILEVER  BEAM  MODELS 


Description 


Value  (SI) 


Value  (English) 


E Young's  modulus 

V Poisson's  ratio 


2.068  X 10*^  N/m^  I 30  x 10'’  Ib/in" 


a Coef.  of  thermal  expansion  2.570  x 10'®  — ^ yy  1.428  x 10”®  rr— 

m * K in  - 


p Mass  density 


20.86  kg/m^ 


in  - °F 

7.535  X 10""  Ib/in^ 


TABLE  3.  COMPARISON  OF  TIP  DEFLECTIONS  FOR  NASTRAN  AND  THEORETICAL 
SOLUTIONS  FOR  FOUR  STATIC  LOADING  CONDITIONS 


Description 


Thermal  Gradient 


NASTRAN  Solutions 

Theoretical 

IHEXl  1 

Model 

IHEX2  Model 

IHEX3  Model 

Solution* 

Defl., 

cm 

Error , 
% 

Defl. , Error, 
cm  % 

Defl. , Error, 
cm  % 

Tip  Defl., 
cm 

3.668 

2.5 

3.932  4.5 

3.894  3.5 

3.762 

.5367 

2.8 

.5344  2.3 

.5304  1.6 

.5222 

-.5179 

0.8 

-.5187  0.7 

-.5199  0.4 

-.5222 

.3612 

10.3 

.3965  1.6 

.3985  1.1 

.4028 

^Theoretical  Solutions 
Load  Case  1 Load  Case  2 


Y 2D 


6^  - OATL 


Load  Case  3 


Z E 


Load  Case  4 


^Y  * 3 ^ 2 

2ED-*  5L-^ 


Sy  ” 3*762  cm  fiy  " *5222  cm 


6y  •-.5222  cm 


.4028  cm 


TABLE  4.  COMPARISON  OF  NATURAL  FREQUENCIES  FOR  NASTRAN  AND 

THEORETICAL  SOLUTIONS 


NASTKAN  Solutions 

Theoretical 

Mode 

Description 

IHEXl 

Model 

IHEX2 

Model 

1HEX3 

Model 

Solution, 

Freq . , 
cps 

Error, 

% 

Freq. , 
cps 

Error , 
% 

Freq. , 
cps 

Error, 

% 

cps 

[Ref.  11] 

1 

First  Bending  Ifode 
in  the  X-Direction 

22.0 

18.3 

18.6 

0 

18.6 

0 

18.6 

2 

First  Be '.ding  Mode 
in  the  Y-Direction 

38.3 

2.7 

36.5 

2.1 

36.5 

2.1 

37.3 

3 

Second  Bending 
Mode  in  the 
X-Direction 

135.3 

15.8 

114.3 

2.1 

113.3 

3.0 

116.8 

TABLE  5.  COMPARISON  OF  BUCKLING  EIGENVALUES  FOR  NASTRAN  AND 

THEORETICAL  SOLUTIONS 


NASTRAN  Solutions 

Theoretical 

Mode 

Description 

IHEXl  Model 

IHEX2 

Model 

IHEX3  Model 

Solution 

X 

Error , 
X 

X 

Error , 
% 

X 

Error , 
% 

A 

[Ref.  12] 

1 

X-Dlrection 

1.406 

40.6 

1.002 

.2 

1.001 

.1 

1.0 

2 

Y-Direction 

4.391 

9.8 

3.981 

.5 

3.979 

.5 

4.0 

3 

X-Direction 

12.809 

42.3 

9.037 

.4 

8.934 

.7 

9.0 
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FIGURE  1.  THREE  ISOPARAMETRIC  ELEMENTS 


3.66  m — 


"0.30  m 


FIGURE  2.  IHEXl  MODEL  — 216  ELEMENTS  AND  364  GRID  POINTS 
MATRIX  ORDER  (g-SET)  = 1092,  SEMI-BANDWIDTH  » 102. 


FIGURE  3.  IHEX2  MODEL  ~ 36  ELEMENTS  AND  275  GRID  POINTS 
MATRIX  ORDER  (g-SET)  = 825,  SEMI -BANDWIDTH  - 156. 


FIGURE  4.  IHEX3  MODEL  ~ 8 ELEMENTS  AND  148  GRID  POINTS 
MATRIX  ORDER  (g-SET)  - 444,  SEMI-BANDWIDTH  - 132 


REPRODUCIBIl  ITY  OF  THE  ORIGINAL  PAGE  IS  POOR. 

^ , .. 


MIM  -iLK^oy 


PLACING  THREE-DIMENSIONAL  ISOPARAMETRIC  ELEMENTS  INTO  NASTRAN 
By  M.  B.  Newman  and  A.  W.  Fllstrup 
Westinghouse  Research  and  Development  Center 


SUMMARY 


Linear  (8  node),  parabolic  \,20  node),  cubic  (32  node)  and  mixed  (some 
edges  linear,  some  parabolic  and  some  cubic),  have  been  Inserted  into  NASTRAN, 
Level  15.1.  First  the  dummy  element  feature  was  used  to  check  out  the 
stiffness  matrix  generation  routines  for  the  linear  element  In  NASTRAN.  Then, 
the  necessary  modules  of  NASTRAN  were  modified  to  Include  the  new  family  of 
elements.  The  matrix  assembly  was  changed  so  that  the  stiffness  matrix  of 
each  Isoparametric  element  Is  only  generated  once  as  the  time  to  generate 
these  higher  order  elements  tends  to  be  much  longer  than  the  other  elements  In 
NASTRAN.  This  paper  presents  some  of  the  experlei  ces  and  difficulties  of 
Inserting  a new  element  or  family  of  ele:/ients  Into  NASTRAN. 


INTRODUCTION 


In  solving  many  structural  problems  at  Westinghouse,  It  has  become 
apparent  that  In  order  to  obtain  the  accuracy  required,  three-olmenslonal  finite 
elements  would  be  required.  It  also  became  apparent  that  three -ulmenslonal 
finite  elements  based  on  constant  strain  tetrahedra  like  the  CTETRA,  CWEDGE, 
CHEXAl  and  CHEXA2  elements  In  NASTRAN  are  too  stiff  to  give  accurate  results  at 
a reasonable  cost  for  many  problems. 

Because  of  this,  a Westinghouse  proprietary  program,  WISEC,  was  developed 
for  heat  conduction  and  static  linear  elastic  analysis  using  three  dimensional 
Isoparametric  elements.  Because  of  the  large  general  purpose  capability  of 
NASTRAN,  both  for  types  of  problems  solved  and  for  types  of  elements  used.  It 
was  decided  to  place  these  elements  Into  NASTRAN. 

Even  though  three-dimensional  Isoparametric  elements  were  then  to  be  and 
now  have  been  placed  Into  NASTRAN  by  Dr.  E.  I.  Field  and  Hr.  S.  E.  Johnson  of 
Universal  Analytics  (see  Ref.  1),  and  are  to  be  Included  In  Level  16  NASTRAN 
now  scheduled  to  be  released  In  1974,  It  was  decided  to  place  three-dimensional 
Isoparametric  elements  Into  Level  15.1  NASTRAN.  First  we  would  have  use  of  this 
element  In  NASTRAN  at  an  earlier  date  than  we  would  if  we  waited  until  Level  16 
ifas  released.  Second,  we  would  gain  experience  and  familiarity  with  NASTRAN 
ifhlch  would  enable  us  to  more  easily  make  any  future  modifications  which  we 
ifould  desire.  A third  benefit,  which  we  didn't  realize  at  the  time.  Is  the 
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fact  that  the  family  of  elements  we  added  can  have  different  number  of  grid  or 
nodal  points  on  the  various  edges  as  shown  in  figure  1.  As  we  understand, 

Level  16  NASTRAN  will  have  elements  which  are  either  linear  (2  points  on  each 
edge),  parabolic  (3  points  on  each  edge)  or  cubic  (4  points  on  each  edge). 

Mixed  elements,  like  that  shown  in  figure  1,  can  be  used  to  reduce  the  number  of 
degrees  of  freedom  in  portions  of  the  structure  not  requiring  the  higher  order 
elements  without  introducing  incompatibilities  between  adjacent  elements.  The 
order  of  an  element  is  taken  to  be  that  of  its  highest  ordered  edge. 

As  the  theory  of  three-dimensional  isoparametric  elements  is  explained 
elsewhere,  for  instance  in  Refs.  1 to  4,  it  will  not  be  repeated  here. 

At  the  present  time,  the  stiffness  and  mass  matrices  have  been  successfully 
inserted  and  tested.  The  differential  stiffness  matrix  is  due  to  be  added 
shortly. 

The  work  described  in  this  report  was  performed  with  Level  15.1  NASTRAN 
on  an  IBM  370-165.  It  Is  planned  to  insert  the  changes  into  Level  15.5  NASTRAN 
on  a CDC  6600. 


RECOMMENDATIONS 


1.  For  anyone  making  changes  in  NASTRAN,  an  up-to-date  Programmer's  Manual 
is  of  great  aid.  Unfortunately,  the  latest  available  Programmer's  Manual  is 
not  always  for  the  latest  available  level  of  NASTRAN. 

2.  Many  of  the  Cables  present  in  Level  15.1  NASTRAN  are  too  short  to 
permit  elements  with  as  many  degrees  of  freedom  as  the  Isoparametric  elements. 
These  tables  should  be  Increased  in  length  to  permit  easier  insertion  of  new 
elements. 


METHOD  AND  EXPERIENCES 


NASTRAN  is  an  extremely  large  system  con^rlsed  of  fifteen  super  links  with 
approximately  850  subprograms  whose  source  statements  are  on  over  200,000 
card  Images.  NASTRAN  is  Indeed  a very  large  and  complex  program  and,  at  first 
glance,  a dense  forest  that  seems  too  difficult  to  enter.  As  one  starts  to 
review  the  large  NASTRAN  Programmer's  Manual  (approximately  15  centimeters 
thick)  and  examine  the  materials  the  authors  of  NASTRAN  have  distributed,  the 
forest  does  not  seem  as  dense.  This  section  of  the  paper  describes  our 
experiences  in  adding  new  elements  to  the  NASTRAN  system. 

The  three-dimensional  isoparametric  elements  added  presented  many  problems 
that  the  usual  NASTRAN  elements  did  not  encounter.  The  tables  were  much 
larger,  for  example.  The  number  of  nodes  that  described  our  cubic  isoparametric 
element  varies  from  ten  to  thirty- two  nodes.  This  number  forced  us  to  expand  the 
Element  Connection  and  Properties  Tables  and  other  array  sizes  that  dealt  with 
nodes.  The  concept  of  a variable  number  of  nodes  per  element  was  also  a departur 
from  the  usual  NASTRAN  practice  of  a constant  number  of  Aodes  per  element  type. 
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For  these  higher  order  elements,  the  computer  time  necessary  to  create  the 
element  matrices  was  quite  large;  hence,  a procedure  to  create  the  element 
matrices  once  and  to  save  them  had  to  be  Incorporated  Into  the  element  level 
subprograms. 

The  release  we  used  to  Incorporate  the  new  elements  was  level  15.1.  The 
computer  used  was  an  IBM  370-165  operating  under  the  ASP  system.  The 
Programmer's  Manual  we  had  was  for  Level  12  which  caused  some  difficulty  but 
not  too  much.  We  will  outline  the  procedure  we  used  In  adding  the  new  elements. 

First  one  should  review  the  materials  distributed  with  the  Level  15  system. 
Figure  2 Is  a VTOC  (Volume  Table  of  Contents)  of  the  distributed  system. 

Pages  5.3-13  and  5.3-14  of  the  Programmer's  Manual  (ref.  5)  describes  each  of  the 
data  sets  of  the  distributed  system.  The  data  sets  which  are  most  useful  to  us  are 
soul,  the  partitioned  data  set  containing  the  FORTRAN  source  programs,  SUBSYS, 
also  a partitioned  data  set  containing  the  linkage  editor  control  cards  for  the 
fifteen  super  links  of  MASTRAN;  the  partitioned  data  set  OBJ,  which  contains 
all  the  load  modules  of  each  individual  subroutine  of  the  system;  the 
partitioned  data  set  NSTNLMOD,  which  contain  the  fifteen  link-edited  super  links 
which  constitute  the  NASTRAN  executable  set. 

The  next  step  of  the  procedure  should  be  to  set  up  a development  disk  with 
at  least  two  data  sets  which  we  named  NEWOBJ  and  NADEV.  MEWOBJ  corresponds  to 
OBJ,  and  NADEV  corresponds  to  NSTNLMOD.  It  would  be  advisable  to  set  up  a data 
set  corresponding  to  SOUl  but  we  elected  to  keep  alL  of  our  new  source  programs 
In  card-deck  form.  The  IBM  370  utility  program  lEHMOVE  or  lEBCOPY  can  be  used 
to  move  the  fifteen  link  edited  links  from  NSTNLMOD  to  the  development  pack. 

NADEV' 8 initial  allocation  should  be  as  large  as  possible  as  this  data  set  will 
be  modified  frequently.  An  alternate  approach,  which  we  did  not  use  but  one 
that  could  have  saved  us  some  grief  would  be  to  set  up  fifteen  different  data 
sets  rather  than  one  partitioned  data  set  with  fifteen  members.  Then  each  time 
we  needed  to  link-edit,  we  would  scratch  the  particular  data  set  and  recreate 
the  new  link  edited  data  set  (Instead  of  member) . This  procedure  would  keep  us 
from  using  up  all  the  extents  of  a partitioned  data  set  and  not  having  to 
compress  the  partitioned  set  which  we  had  to  do  approximately  every  twenty  to 
twenty- five  re-link  edits.  Figure  3 is  the  VTOC  of  our  development  disk.  The 
other  utility  that  we  made  quite  frequent  use  of  was  lEBPTPCH.  With  the  use  of 
this  utility  we  can  either  list  or  punch  a member  of  SOUl  or  any  of  the  other 
partitioned  data  sets.  The  JCL  for  PUNCHIT  is  given  in  Figure  4 and  for  PRINIT 
in  Figure  5.  With  these  two  decks  we  can  list  or  punch  subroutines  from  SOUl. 

The  punched  routine  could  then  be  modified  for  our  new  element.  Another  utility 
which  could  have  been  used  for  modifying  source  decks  is  lEBUPDATE  which  we  did 
not  use.  The  next  step  in  the  process  is  to  compile  'ither  a modified 
subprogram  of  the  NASTRAN  system  or  to  compile  one  of  our  new  subprograms. 

The  compiled  program  is  placed  into  our  partitioned  data  set  NEWOBJ.  The  JCL 
for  this  procedure  is  shown  in  Figure  6.  When,  all  the  decks  for  one  of  the 
links  has  been  compiled,  the  next  step  is  to  link  edit  this  link. 

The  link  editor  allows  one  to  specify  a group  of  libraries  of  programs 
via  the  LKED.XXX  DD  cards.  In  our  case,  we  described  two  libraries,  OBJ  which 


contained  all  the  original  unmodified  or  distributed  load  modules  and  NEWOBJ^ 
the  modified  and  new  load  modules.  Each  library  is  given  a DD  name,  for  the 
partitioned  set  OBJ  the  name  LKED.LIB  is  used  and  for  NEWOBJ  we  chose  to  use 
the  name  T.KFJ). LIP.  The  overlay  control  cards  can  be  punched  and  listed  from 
the  data  set  SUBSYS  for  this  link.  The  control  card  deck  is  then  modified  to 
reflect  the  modifications  made  to  the  link.  See  Figure  7 lor  the  JCL  and 
modified  control  deck  for  the  Link  Edit  step.  The  SYSL^ftJD  DD  card  defines  the 
output  load  module  for  the  linkage  editor  and  places  the  load  module  in  the 
data  set  NADEV. 

The  next  step  is  to  run  a NASTRAN  problem  to  test  the  procedure  implemented. 
Alters  can  be  made  to  the  DMA?  program  to  extract  contents  of  tables  or  of 
generated  matrices.  In  addition,  print  statements  can  be  made  within  the 
modified  programs  to  print  out  calculated  results;  If  these  print  statements 
are  used,  they  should  be  activated  by  a specific  DIAG  that  is  not  in  use  by  the 
NASTRAH  system.  See  pages  3.3-15  and  3.3-15a  of  the  NASTRAN  Programmer's 
Manual  for  DIiU!S  not  in  use  by  the  system.  Figure  8 gives  an  example  of  the 
use  of  alter  statements  and  demonstrates  the  use  of  DIAG  setting  for  controlling 
debug  printing.  In  debugging  a modified  link,  a dump  is  quite  helpful  on  the 
occurrence  of  a system  fatal  error.  The  most  important  part  of  the  dump  is 
the  save  area  trace  which  lists  the  routines  last  used  when  the  error  occurred. 
Usually  this  is  sufficient  and  a full  dun^  is  not  necessary.  NASTRAN  has  built 
into  the  system  a use  of  the  SNAP  macro  which  dumps  only  the  save  areas.  Use 
of  DIAG  1 will  produce  a full  dunp. 

The  link  edit  procedure  for  NASTRAN  links  is  rather  costly  on  the 
IBM  370-165  because  of  the  extremely  large  number  of  segments  in  each  of  the 
links.  Hence,  whenever  possible,  we  did  as  much  checking  of  a modified  module 
with  a nonoverlayed  FORTRAN  tun.  For  example,  in  checking  out  the  stiffness 
matrix  routines  for  tne  isoparametric  elements  we  ran  a simple  model  in  NASTRAN, 
and  with  the  Alter  statements  we  printed  the  content,  of  the  ECPT  (Element 
Connection  and  Properties  Tables) . A main  program  which  simulates  SMAl  was 
written  to  supply  the  proper  ECPT  to  the  element  stiffness  matrix  routines  and 
the  element  matrices  were  generated  and  printed  out.  When  we  were  satisfied 
that  the  routines  operated  properly  we  modified  our  link-edit  control  deck  and 
link  edited  the  new  element  stiffness  matrix  routines  into  our  data  set  NADEV. 

A run  of  the  same  model  would  then  produce  the  element  stiffness  matrices, 
displacements,  and  stresses.  Figure  7 is  our  JCL  and  control  deck  for  the 
insertion  of  stiffness  matrix  routines  Into  link  3. 

The  procedure  for  the  variable  niimber  of  grid  points  for  mixed  elements 
(one  that  is  not  full)  was  implemented  In  the  following  manner.  The  connection 
cards  for  the  element  were  left  blank  at  positions  where  grid  points  were 
missing  from  the  full  element.  A modification  of  lAlA  and  TAIB  was  made  to 
enter  a zero  as  the  grid  point  number  for  the  missing  grid  points.  For  the 
grid  points  present,  the  degree  of  freedom  for  that  grid  point  (a  nonzero  value) 
was  entered  as  the  grid  point  number.  All  tables  such  as  ECPT,  EST  (Element 
Susmiary  Table)  have  nonzero  values  for  grid  points  present  In  the  element  and 
zeros  for  missing  grid  points.  The  length  of  the  grid  point  table  Is  fixed  for 
each  element  type,  for  example,  twenty  for  CS0LID2,  the  quadratic  Isoparametric. 
This  table  Is  then  used  as  a guide  to  all  processing  of  the  mixed  element.  The 
modifications  to  TAIA  and  TAIB  were  suppled  to  us  by  Carl  Hennrlch  of  MacNeal- 
Schwendler  Conq>any. 

kk2 


The  procedure  used  fcr  saving  the  element  matrices  and  not  recreating 
them  each  time  they  are  needed  was  as  follows:  A scratch  tape  was  assigned 

to  be  used  In  the  element  matrix  subroutine.  This  tape  had  to  be  assigned  a 
GINO  buffer  at  a level  where  all  buffers  are  assigned  for  this  module.  Also 
an  array  had  to  be  assigned  for  record  keeping  of  saved  elements.  Inltlllzatlon 
of  counters  had  to  be  done  at  the  level  wherr  the  buffer  was  assigned.  At  the 
element  level  the  routine  would  first  ask  If  this  element  had  previously  been 
encountered.  This  Is  done  by  a search  through  the  table  of  all  elements  that 
have  been  saved.  If  found,  the  tape  record  number  Is  extracted  from  the  table 
and  the  tape  Is  positioned  by  GINO  commands  to  the  proper  record.  The  record 
Is  read  Into  core  and  the  sub  matrices  needed  for  this  call  are  assembled  from 
the  total  element  matrix  and  given  to  the  subroutine  which  Is  assembling  the 
total  mass  or  stiffness  matrix.  If  this  element  has  not  been  encountered, 
the  element  matrix  Is  calculated,  and  the  tape  Is  positioned  to  the  end  of 
last  element  written,  and  the  new  element  matrix  Is  written  on  the  scratch  tape. 

The  element  nund>er  and  record  number  Is  entered  Into  the  table.  This  procedure 
was  suggested  in  the  Programmers  Manual,  Page  4.87-1,  last  two  sentences  of 
paragraph  3.  GINO  proved  very  useful  here  In  that  the  records  saved  were  of 
variable  length  because  of  the  three  types  of  elements  and  because  of  the  use  of 
mixed  elements  within  a type.  The  variable  length  could  be  stored  in  the  record 
and  using  GINO's  capability  of  reading  and  writing  segmented  or  partial  records  we 
could  read  the  number  of  words  for  the  variable  length  record.  To  add  scratch 
tapes  to  an  existing  module  the  MPL  (Module  Property  List)  had  to  be  modified 
by  recompiling  the  block  data  program  XMPLBD,  see  pages  2.4-21  and  2.4-22  of 
the  Programmers  Manual. 


DISCUSSION 


The  new  Prograaimax's  Manual  for  version  15.1  has  an  excellent  chapter  on 
adding  a structural  element.  This  was  an  update  of  a NASA  Fourteenth  Quarterly 
Report  for  NASTRAN,  January  1970.  This  chapter  gives  a step-by-step  procedure 
of  all  routines  and  tables  that  have  to  be  modified  to  accommodate  a new 
element.  The  Fourteenth  Quarterly  Report  aided  us  greatly  In  getting  through 
most  of  the  input  problems  of  NASTRAN. 

From  this  step-by-step  procedure,  one  can  see  that  adding  a new  element 
to  NASTRAN  Is  not  that  difficult  because  of  the  excellent  documentation  and 
supplies  that  have  been  distributed. 
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Figure  2.-  Concluded. 


Figure  3.-  VTOC  of  aevelopment  system 


//PUNCHTT  JR5XXXXX.a3SD».’‘»3NEWH*M’tOt3I3Nri30Kt''I**riC*39)  JOB  CA^O 

/•VOLREO  10:  (NASTHAN15J  DIS'*^RIBOTEC  SYSTCK  V.15 

//  ~TXrC-PuM':rEBPTPm 

//SYOPRINT  00  SYSOUTrA 

//SYSUTI  DO  OSHAME:SOUl#U.SlTrSYSOA.DI'-;  :OLD.VOL:OER:VOLNUM. 

//  0CEr(HEC?f':rB,LPECL:8Ct'!LKSII£:72SQ) 

//SYSUT2  OD  SYSOUT-3 
//SYSIN  OD  » 

PUfJCfl'TYP0RC:P0;MAXNlHf:ea-.'MTXFO)r=60 “ 

KEnaOR  name: os  1 
RECORD  FIELD=I8C) 

HEHBER  NAHE:DS1A 
RECORD  FXELD:«30) 

PEHBER  NAME:0S1AB0 

RECORD'  PlEuOr  iBOf  — 

/• 


NOTE  SOLil  IS  DATA  SET  NAMEi  VOLMUM  IS  DISK  VOLUHE  SERIAL  NUMBER 


Figure  4.-  Punch  source  from  SOUl. 


//PRttaT~jo5rRD7XYxytTn3ROTr'Mtrnniwn9»^;T?rtrrov:iocx»nHrTriT3T job-tartt 

/•VBLREQ  ID:  (NASTRAM5I  OIS'^RIBOTED  SYSTEM  V.15 

/•FORMAT  PR.D0NAHE=5YSUTI.TRAIN:HN 
//  EXEC  PCM:IE8PTPCH 
//SYSPRINT  DO  SYSOOTsA 

//SYSun  DO  UNIT:SY50AtVOUUME:SER:VOLNUMtDISP:OUO. 

//  ~-DCf:TRECrRyTT.tRmy70^.TOC5TlEy7?ICrrn)SM:SOOl 

//SYS0T2  do  SYSOUTsA 
//SYSIN  00  • 

PRINT  TYPCR0=P0tMAXFL0S:8C.MAXNAME:80.MAXLINC:A5 
member  NAHEsREAOI 
RECORD  FTElD:(80) 

MER3ER  NAmE:READ2 - - — 

RECCRO  FIELD:<8C» 

/♦  - . - 


f 

'I 


Figure  5.-  Prints  source  from  SOUl. 
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//COnPIUE  JOB  (HOXXXXX.ROKOt  •«HBNE«NAN*  I 0N«20UX  • T 1 Ht - ( • 

/•yPk^_t«  J0-(_NAS1RA  _ 

//  EXEC  FOSTiiC  iPAHH.rORTs^NODtCX* 

//F0RT>SY:>L1N  do  UnIT«231H>D1SP«SHR  .VOL^StR^VOLoEV  t 
//  DSN>NEROBJ( IFXIBO) 

//FORT^SYSIW  OU  • _ , 

BLOCK  DATA 

CIFXIBO 

COMMON  / IFPX  1/  N.  n C lUO)  « 12(100)  • I JUUO)  • I lUU)  • IBUUU)  • 1 AC  120)  • 

♦ I 7(  AH)  


JOB  CARD 
OevCLOPHthl  DISK 


data  N/310/ 

DATA  I1/Hh6H(D,HH 


•hhcqho.hhir 
_tHHCpR0.HH2C„. 
.HmSPCA tHMob 

.hmmome.hhnti 

«HmSL0A tHHO 


9 .HHPROO.HH 

DATA  |&/HHTfcHP,HHPl 

b «HH(>K10.HHB 

9 •‘♦^PFLU  , HMI  D2 

3 iHMBDYLrHHiST 

3 »HHBUYLtHHlST 


I' 


7 *HHCTfcT.HMRA  •HHCRtO 

J tHMFLSY 

b •HHCAX1,HHF3  •HHCAXt 

9 1 0 .J4HF , HHbR  I U 

3 •HMOMBOfHHY  .HMNATH 

ADD  CSOLIOI  tCS0LlO2»^bOUQ3  NA 
7 .HMSAHl.HHl 

I .HHCSOL .HM1U2 


b 

9 

data  I A/HM**** tHH#*#* 

J i_HH9>_A^HH#y^> 


7 

_1 i5M  • • i H H • • • • 

S aHH«*««  «HH«««* 

9 aHHA«A»  tHH»A»» 


JL** M 

•HHCPKO.HHO 
• 9mCPTR»  1M  I a I 


9 . tHCPTR.HMBSC 

A i*«hihiS,hh  , 


7 aHHb  »HH 

data  i7/HMHPC»tHH 


HHOerOtHHRMS 
HHAOuTaHHf 


HHFRER.HHB 


HHM2PPfHHt 

hmplco«hmb 


HHRAND.HHOMB 


_HMGROS 

hhcono 

HHCORO 

HHSUPO 

HHFORC 

HHFORC 

HHGHAV 

hhptub 

HMTtHP 
HMFSL  I 

hmcflu 

HMFREt 

HHFREE 


HH I NPU 
HMCbOL 

HM»«## 


Vmcptu 

*««CPTH 

HHCOUP 

HHLFRfc 


HH«3 

HHSPCB 


HMTtNP 

5ili^0P. 


HHTrt 


HHB2PP 

HHWtrO> 


HHAAYO 


HH£T 

HHIC 

HH2S 

HMRT 

HHE 

HME2 

HM 

HME 


.HHAOUMaHHl 
•HhCUHOiHHlS 
•HHPLOT .HHEL 
*HM0M I T f HM 
,HMMUMt ,HHNT 


|HHSLUG  »HHP 
fHHCuKU  »HH2R 
.HmSPCI .HM 
.HHSmC  .HM 
.HhFuKL .HME 1 


.HMMUHfc  .HMNI2  fHMPi.UA. HMD 


^iHHTtMP  ,HM 
•HHPVib.HMC 


f HmGlNL  fHML 
.HhAuUM  .HM2 


HMP2  *HMTtMP,HMP3  *HMTtMP,HMRB 
HMST  tHMRlNG .HMFL  .HMPMEb.HHPT 
HMI03  . hmcflu. HHIOH  .HHAAif.HH 
HMPT  .HMSELt.HMCl  . HmS t L t . H MC T I 
.HHAbtT iHH 
•HMCMCX .HHAI 

.hmaxsl.hhot 

•HhCbL0.HHT3 
•HhSLBO .HHT 
•HHMATb.HM 


.HhA^LT  ,«»M  I 

.HMCMLA.HMA2 
.HMCAX1.HMF2 
.hmcflu  »HhTH 
.HHCMbU.HHY 
.HmSAML .HH 

MES  TO  OIRECIOKT  OF  CONNECTION  CARD  NAMES  HrN 
HhT  .HHOUTP.HhuT  .HHcbOL.HHlOl 


HMPT 

HHGE 

HHM 

HHFH 

HHS 

HH 


HM103 

HM*» 

HH«« 

HH«* 

HMA* 

HM«« 


»HH< 


HHA« 

HM*« 

HMAA 

HMAA 


• «HH»A 

• / 

• *HH*» 
HH»» 
HH«« 
HM*A 
HH#A 
HMA* 
HH«A 

HH*A 


HHS 

RHMCCb 

HHUTB 


.HH«* 


• .HM#*« 


.HH«»«*«HHA**«fHH*A« 

.HHa«*a.HH»*aa  »HH»*« 

.HH«A«*.HM«*«*  fHH*«* 
.«4HAAA«9HM»««*.HHA«* 
*HH*A«A*HHA«*«.HH*«A 
HM*«*«  .HH*A»* .HMAAAA .HM**A* .HM«*A 

HH#A*Aa«(HDtCU.HHHUPT  .HHCPBA.HHR 
HHBE  .HHCPyU.HHAOl  « HMC MU U . H H AD 2 
HMIA2  .HHCPWO.HMPLT  . HMCP T K . HHPL T 

hhmass.hhqhup.hhnt  .hhnima.hhss 

1 M R !Lj  in V. „#  H M L M 0 0 . H H E s_ , , 

HH  .HH*H  .HH  .HHMUUA.HHCC 

HM .HHLUAO.HHb  • HhMe T H . HMOOt 

HHLOt  .HHTEMP.HHMTS  »HHUS  .HH 

H_MS^ .HMLOOP.HHib  . HHOLO  A.»  HHDl 

HH  .HHPLOT.HNS  .HHTbTE.HHFH 


HHCHET .HHHOOB.HHSuAM.HHPS 
!*HJlTOU.HHTb.  .HHDtLt.HHTEft  | 
HHNOLU.HHOPb  .HHAAAA.HHAAb*/ 


END 


/• 


Figure  6.-  Compiles  and  puts  object  intc  d«'  elopment  data  set  NEWOBJ. 
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//LNKCOT 

/♦VOt«£U 

/•VOLKtg 


JOB  (KOXAXXXiKOfeoi  •*HBNEilrHAN*,Re&10N-27SK,TlH€«^  OOB  CABt; 

DUlKlbUTEO  SrSTtH  V . I b 

lO-tNASTKANOtvi*'  UtVELOPrttMT  OlSX 
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Figure  7.-  Concluded. 


452 


jUd  CAku 
UtveLUPhtNT  OlSA 


//ALTCX  job  (HUAAAXX«KuNOI »«MBNe«MAN* • RC b 1 ONa iUOK • T 1 HE • ( tSV| 

/•VOLHEd  IU» ( NASTHANOE V ) 

/•FORMAT  HR  ♦DON AML wF TORE UO  I • TKA I N«HN 
/•FORMAT  PR»0DNAM£aFTU6FaUl .TRAlNaHN 
/•format  PR  «U on a me •snap shot • TRA INaHN 
//S2  EAEC  FSdTHft 

//PROG. NAME  DO  uSNAME«SrSl  .LlNKLIlMVTOCPHT  I .VOLUME  ^LFaSTbUdl. 

//  OlbP«OLO 

//G0.0D2  DO  UNI T»ST50A,OISP»OLO.VOLUM£«|PK1 VaTE . RE t A I N . SE H • i VOLOE V » > 
//GO.bTSlN  00  • 

VOLOE V 
EOJ 


//  Exec  nstmbn 

//NASTHAN.STEPLIB  op  uni T«2ilM. VOL«SER«VOLDtV.OlSP«SMH.oSNaNADEV2 
//NASTRaN. snapshot  do  UN|T«CCTC.«0EfeR>.UCB«BLASUEaBB2 
//STSIN  DO  •.  

NASTRAN  BUFFSl2E'«iaOOrSYSTEMl3l  i•Vu9«•SV$TEH|9l•^S»CONFiG•t0 

to  MAKV.NEAHA.N 

APH  UISP 

SOL  .liO  „ 

time  S 

OlAG  IS  - _ _ 

OIAG  2.B.I3.IR 


01 A6  19.21  .22 
DUG  2S 

alter  2j_. 

TAHPT  GPT't..*.  //S 
alter  26 

TABPT  6PCT«.t.  //  % 

TABPT  ECPI  •6PU.E5J.j_  //  » 
TABPf  EyEA|NfGeOM2%~i.  //  'ft 

ALTER  il.l. 

HATPRN  UOSPGGfOGft  //  ft 

cnoalter  _ 

CEND 

OLOAORALL  . 

SPCRI  It 

SPCFRALL  ^ 

STRESSftALL 

ELFORCERALL  

OISPRALL 

lOaor  too  

TiTLearcsT  of  bout  force 


ECmOR.BOTH  ... 

BEGIN  BULK 

GRUSCT  _ 

GRID  I U 

grid  2 It 

GRID  3 •!# 

GRID  R :^i_t 

•lilO  S It 

ftltlO  G It 


1 CSOL102  CLEMENT 


• It  Ot 

It  Ot 

It  Ot 



•It  3t 

It  3t 


A 


MbriOEbuG 


Figure  8.-  VTOC  example  and  use  of  ALTER  for  table  end  matrix  printouts 


(*K|0  7 •!#  !• 


&M10 

% 

• 1 • 

• 1 • 

3« 

<trt|0 

f 

1# 

U» 

0* 

bHiu 

lu 

u» 

UU 

0*0 

bRtO 

1 1 

•1  #0 

0.0 

0*0 

6KI0 

0»0  _ 

»1  .0 , 

u»u 

6HID 

13 

uo 

• uo 

Ub 

6HIU 

IH 

uo 

uu 

US 

6M10 

lb 

•1«0 

1 .0 

US 

6K1D 

lA 

-l.O 

-uo 

1 «b 

6M|D 

17 

uo 

o*u 

3*0 

fcNIO 

Itt 

^•0 

uo 

3*0 

UMtO 

19 

-uu 

0.0 

3«U 

&HIO 

2J 

u«o 

-uo 

3«U 

C%OLIU2 

1 

10 

1 

1 

2 

3 

9 

b 

A 

; s 

I.i2 

9 

10 

11 

12 

13 

19 

lb  lA 

17 

lA 

JLt  . 

_ 

SPC 

t 1 1 

b 

1 

-.9C-0S 

« 

12 

•9E«US 

SPC 

1 1 1 

b 

2 

«9L-0S 

A 

3 

• 3«.-0S 

SPC 

1 1 1 

b 

3 

•3C-0S 

17 

1 

-•vt-os 

SPC 

1 1 I 

A 

12 

-•9E-0S 

17 

2 

U«U 

SPC 

1 1 1 

A 

3 

• 3i.-0S 

17 

3 

• l»E-US 

SPC 

ii» 

7 

1 

IS 

1 

Ueu 

SPC 

1 1 1 

> 

2 

IS 

2 

-•9C-0S 

SPC 

111 

7 

3 

.lue-os 

SPC 

m 

3 

SPC 

111 

19 

1 

SPC 

111 

19 

2 

o.u 



-LLL 

IL 

SPC 

111 

20 

1 

OeU 

SPC 

m 

20 

2 

•9E-0S 

SPC 

1 1 1 

20 

3 

• ISC-OS 

MATI 

lU 

1 •JLP? 

• 3 

^NAV 

lOU 

2Si 

•UO 

0«U 

OOeO 

iNPiLLli. 

- 

■ ■_  ■!  ■ 

/• 


^^3 


Figure  8.-  Concluded 


^1^  ' 

NEW  PLATE  AND  SHELL  ELEMENTS  FOR  NASTRAN 

By  R.  Narayanaswami* 

NASA  Langley  Research  Center 


SUMMARY 


A new  higher  order  triangular  plate-bending  finite  element  is  presented 
in  this  paper  which  possesses  high  accuracy  for  practical  mesh  subdivisions 
and  which  uses  only  translations  and  rotations  as  grid  point  degrees  of  free- 
dom. The  element  has  l8  degrees  of  freedom  (d.o.f . ),  viz. , the  transverse 
displacement  and  two  rotations  at  the  vertices  and  mid-side  grid  points  o;'  the 
triangle.  The  transverse  displacement  within  the  element  is  approximated  by 
a quintic  polynomial;  the  bending  strains  thus  vary  cubically  within  the 
element.  Transverse  shear  flexibility  is. taken  into  account  in  the  stiffness 
formulation.  Two  examples  of  static  and  dynamic  analysis  are  included  to 
show  the  behavior  of  the  element.  Excellent  accuracy  is  achieved  in  all  cases. 

This  element,  designated  as  TR-18,  is  demonstrated  to  be  an  ideal  candi- 
date for  generation  of  a family  of  plate  and  shell  elements  for  inclusion  into 
NASTRAN.  The  following  elements  are  specifically  mentioned  in  this  context, 
viz.,  (i)  triangular  plate  element,  (ii)  quadrilateral  plate  element, 

(iii)  curved  triangular  shell  element,  (iv)  curved  quadrilateral  shell  element 
and  (v)  plates  with  membrane-bending  coupling  and  multilayered  plates.  The 
present  paper  describes  the  detailed  theoretical  derivations  for  the  afore- 
mentioned elements.  In  addition,  the  behavior  of  the  TR-18  element  and 
associated  quadrilateral  plate  element  is  illustrated  by  two  sample  problems. 
Comparisons  with  existing  elements  in  the  literature  and  the  present  NASTRAN 
quadrilateral  elements  are  shown. 


INTRODUCTION 


NASTRAN  presently  (Level  15.5)  has,  in  all,  a total  of  nine  different 
forms  of  plate  elements  in  two  different  shapes  (triangular  and  quadrilateral). 
The  present  NASTRAN  basic  bending  element,  TRBSC,  the  basic  unit  from  which 
the  bending  properties  of  the  other  plate  elements  are  formed,  uses  a cubic 
displacement  field  (with  the  x%  term  omitted).  This  constrains  the  normal 
slope  (on  the  exterior  edges  of  the  TRPLT  bending  element)  to  vary  linearly, 
which  in  turn  makes  the  element  overly  stiff.  A need  thus  exists  for 
a more  accurate  plate  bending  element  for  NASTRAN. 

A brief  review  of  some  of  the  more  important  plate  bending  elements  is 
now  made.  Formulations  of  triangular  plate  bending  finite  elements  were 
given  as  long  ago  as  1966  by  Clough  and  Tocher  (ref.  l)  and  by  Bazeley  et  al. 
(ref.  2).  The  conforming  elements  presented  therein  edlow  only  a linear 
variation  of  slope  normal  to  an  edge  and  have  since  been  found  to  be  overly 
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stiff,  whereas  the  nonconforming  element  given  in  ref.  2 uses  a cubic  poly- 
nomial for  transverse  displacement  and  is  not  of  very  high  accuracy.  Improve- 
ments to  these  elements  have  been  made  by  using  higher  degree  polynomials  for 
transverse  displacements;  indeed  elements  of  very  high  accuracy  have  been 
reported  by  Argyris  (ref.  3),  Bell  (ref.  U)  and  Covper  et  al.  (ref.  5)  using 
quintic  polynomials  for  the  displacements  field.  But  these  elements  have 
strains,  curvatures  and/or  higher  order  derivatives  of  displacements  as  grid 
point  degrees  of  freedom  (d.o.f.)  which  lead  to  an  inconsistency  when  abrupt 
thickness  or  material  property  variation  occurc.  That  is  to  say  that  the  con- 
tinuity of  strains  and  curvatures  implied  by  their  use  as  degrees  of  freedom 
at  grid  points  is  violated  wherever  concentrated  loads,  changes  in  slope, 
changes  in  thickness,  or  connections  to  other  structures  occur.  In  short,  the 
proper  use  of  elements  that  assume  continuity  of  strains  and  curvatures  is 
restricted  to  regions  where  discontinuities  do  not  occur.  Further,  the  ex* 
istence  of  higher  order  derivatives  makes  it  difficult  to  impose  boundary  con- 
ditions on  these  and  indeed  the  simple  interpretation  of  energy  derivatives 
as  **nodal  forces”  disappears  (ref.  6).  Bell  has  also  developed  another  element 
in  ref,  U,  designated  T-15  by  him,  which  has  only  displacements  and  rotations 
as  degrees  of  freedom.  But  it  has  a major  drawback  in  that  not  all  grid  points 
of  the  element  have  the  same  d.o.f.;  consequently,  it  becomes  difficult,  if 
not  impossible,  to  consider  connections  of  this  element  with  other  finite 
elements.  Thus  the  practical  use  of  the  T-15  eltment  in  general  purpose 
programs  is  severely  limited. 

A need  still  exists  to  develop  a new  accurate  plate  bending  finite  element 
that  has  the  advanlages  of  the  accuracy  associated  with  a high  order  displace- 
ment polynomial  but  does  not  have  the  disadvantages  discussed  above  and  is 
therefore  suitable  for  inclusion  in  general  purpose  computer  programs  like 
NASTRAN. 

In  this  paper,  a triangular  element  and  an  associated  quadrilateral 
element  are  developed  that  use  only  displacements  and  rotations  as  grid 
point  degrees  of  freedom  and  use  a quintic  polynomial  for  lateral  displace- 
ment. The  quadrilateral  element  is  formed  by  four  triangular  elements.  The 
stiffness,  consistent  mass  and  load  matrices  of  the  separate  triangles  are 
evaluated  and  added  by  the  direct  stiffness  technique  to  form  the  respective 
matrices  for  the  quadrilateral.  The  terms  associated  with  the  internal  grid 
points  are  then  eliminated  by  static  condensation.  None  of  the  elements 
discussed  in  references  1 to  5 possess  the  property  of  transverse  shear 
flexibility.  This  has  been  taken  into  account  in  the  present  paper  by  a 
procedure  based  on  that  used  in  NASTRAN  (ref.  7).*  The  components  of  transvers 
shear  strain  are  quadratic  functions  of  position.  Convergence  to  the  limiting 
case  of  zero  transverse  shear  strain  is  uniform. 

In  addition,  three  elements,  viz.,  (i)  a curved  triangular  shell  element, 
(ii)  a curved  quadrilateral  shell  element,  and  (iii)  a multilayered  plate 
element  can  be  derived  from  the  TR-18  element.  Together  with  the  quadrilateral 
plate  element,  these  elements  constitute  the  TR-18  family  of  elements. 

^ - - T L ■ I 

A similar  procedure  for  incorporation  of  transverse  shear  flexibility 
into  a quartic  element  was  commvinicated  to  the  author  by  Dr.  R.  H.  MacNesd  of 
MacNeal-Schwendler  Corporation. 
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LIST  OF  SYMBOLS 


{a}  Column  vector  of  coefficients 

a,t),c  Dimensions  of  triangular  element  in  local  co-ordinates  (fig.  1) 

^1’  ^2’  ^3  Coefficients  of  quintic  polynomial 

[B^] , [B^] , [B^]  Matrices  relating  strains  and  generalized  displacements 

[C]  Row  vector  relating  transverse  displacement  to  generalized 

displacement 

[D]  Matrix  relating  bending  stresses  and  bending  strains 


t 

[U] 

u 

{V} 

w 

x,y,z 

X,Y,Z 

a 

B 

^xz’  ^yz 

h) 

{6},{A> 


{<!)} 

V 

P 

X 

IM 

b) 

(x) 


Plate  flexural  rigidity,  Et5/l2(l  - v2) 

Elastic  modulus 

Matrix  relating  interior  grid  point  displacement  to  exterior 
grid  point  displacements  of  quad-element 
Matrix  relating  transverse  shear  forces  and  strains 
Stiffness  matrix 
Lenfc-h  of  side  of  plate 
Consistent  mass  matrix 

Vector  of  bending  and  twisting  moments  per  unit  length 
Number  of  elements  per  side  of  plate 

Matrix  relating  grid-point  displacement  \cctor  and  vector  of 
polynomial  coefficients 

Augmented  matrix  of  Q and  constraint  relations 
Matrix  relating  vector  of  polynomial  coefficients  and  grid 
point  displacement  vector 
Kinetic  energy 
Transformation  matrices 
Thickness  of  plate 

Matrix  of  transformation  of  strain  components 
Strain  energy 

Vector  of  transverse  shears  per  unit  length 
Lateral  displacement 
Central  deflection 

Co-ordinate  aves  in  the  local  system 
Co-ordinate  axes  in  the  global  system 
Rotation  of  xz  plane  at  each  grid  point 
Rotation  of  yz  plane  at  each  grid  point 
Transverse  shear  strains 

Vector  of  transverse  shear  strains 

Column  vectors  of  grid  point  displacement  in  local  or  global 
system 

Inclination  of  material  orientation  axis  to  x-axis 
Displacement  vector  of  quadrilateral  element 
Poisson's  ratio 

Mass  density  of  plate  material 

Non-dimensional  parameter  of  eigenvalues,  pto^L^/D 
Direction  cosine  matrix  of  quadrilateral  median  plane 
Circular  frequency  of  plate  vibration 
Bending  strains 
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TRIANGULAR  PLATE  ELEMENT  TR-I8 


In  this  section  of  the  paper,  the  derivation  of  the  stiffness  matrix, 
consistent  load  vector  and  consistent  mass  matrix  of  the  triangular  plate 
element  is  given.  The  procedure  for  the  derivation  is  described  in  detail  in 
reference  3,  and  hence  only  essential  details  arc  presented  here. 

The  element  has  18  d.o.f.,  the  transverse  displacement  and  2 rotations 
at  each  vertex  and  at  the  mid-point  of  each  side.  Three  additional  conditions 
are  introduced,  viz.,  the  slope  normal  to  each  edge  (hereinafter  called  normal 
slope)  varies  cubically  along  each  edge.  This  establishes  3 constraint  equation 
between  the  coefficients  of  the  polynomial  for  displacements,  which,  together  wi 
the  18  d.o.f.,  \iniquely  determine  the  21  coefficients  in  the  quintic  polynomial. 
The  variation  of  deflection  along  any  edge  is  a quintic  polynomial  in  the 
edgewise  co-ordinate;  the  six  coefficients  of  this  polynomial  are  uniquely 
determined  by  deflection  and  edgewise  slope  at  the  3 grid  points  of  the  edge. 
Displacements  are  thus  continuous  between  two  elements  that  have  a common  edge. 
The  normal  slope  along  each  edge  is  consurained  to  vary  cubically;  however, 
since  the  norma...  slopes  are  defined  only  at  3 points  along  an  edge,  there  is 
no  normal  slope  continuity  between  2 elements  tliat  have  a common  edge.  The 
element  thus  belongs  to  the  class  of  non-conforming  elements.  The  development 
of  this  element  follows  closely  that  of  Cowper  et  al.  (ref.  5). 


Element  Geometry 

Rectangular  cartesian  co-ordinates  are  used  in  the  formulation.  An 
arbitrary  triangular  element  is  shown  in  figure  1,  where  X,  Y,  and  Z are  a 
system  of  global  co-ordinates  and  x,  y,  z are  the  system  of  local  co- 
ordinates for  the  triangular  element.  The  grid  points  of  the  element  are 
numbered  in  counterclockwise  direction  as  shown.  The  following  relationship 
between  the  dimensions  of  the  triangular  element  a,  b,  c,  the  inclination 
0 between  the  X and  x axes  and  the  co-ordinates  of  the  vertices  of  the 
element  can  be  easily  derived  (see  fig.  1) : 


where 


cos  0 » (X^  - sin  6 ■ (Y^  - Yj^)/r 

2 2 
r » KXj  - X^)*^  ♦ (Y^  - Y^)"^l 


(1) 

(2) 


a ■ (X^  - X^)  COB  0 - (Yj  - Y^)  sin  0 


{(X^  - X^)(Xj  - X^'  ♦ (Y^  - X5)(Y^  - Y^)}/r 


(3) 
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similarly. 


V 

V 
% 

i 

k 

fand 


c * {(X^  - X^)(Y^  - Y^)  - (Y^  - Y^)(X^ 

Displacement  Function 

The  deflection  w(x,  ”)  within  the  triangular  element  is  assumed  to  vary 
as  a quintic  polynomial  in  the  local  co-ordinates,  i.e.. 


Y^)}/r 

(M 

X^)}/r 

(5) 

w(x,y)  = 


2 . 3 ^ 

a„x  + 


a^  + a^x  + a^y  + a^^x  + a^xy  + a^y  + 

2 2 3 U 3 2 2 

agx  y + a xy  + a^^y  + a^^x  + a^^’'  ^ * *13*  i'  * 


3 

u 

k 

^ 5 

ro 

0 

X 

^ *21^ 

"18' 


13 

32^  23 

y ^ ai9*  y 


iS) 


There  are  21  constants,  a^  to  a^^.  These  are  evaluated  as  follows: 

The  e.lement  has  I8  d.o.f.  At  each  grid  point  there  are  3 displacement 
components  as  d.o.f.,  viz.,  w,  displacement  in  z-direction,  o,  rotation 
about  the  x-axis  and  6,  rotation  about  y-axis.  The  rotations  a and  6 
are  obtained  from  the  definitions  of  transverse  shear  strains  y and 


Y » i.e. , 

yz  * 


xz 


Y ■ 1^  S 
xz  dx 

dw 

Y ■ - o 

'yz  3y 


(7) 


It  can  be  shown  (ref.  0)  that  y and  y.  » «nd  hence  a and  0,  at  any 

XZ  yz 

grid  point  can  be  expresred  in  terms  of  the  constants  a^  to  Thus  Id 

relations  between  grid  point  displacement  values  and  the  constants  are  obtained. 
Three  constraints  among  the  coefficients  in  the  above  polynomial  (eq.  (6))  are 
now  introduced  so  that  the  normal  slope  varies  cubically  along  each  edge.  It 
is  clear  that  the  thr^e  constraint  equations  will  Involve  only  the  coefficients 
of  the  fifth  degree  terms  in  equa.xon  (6),  since  the  lower  degree  terms 
satisfy  the  condition  of  cubic  normal  slope  automatically.  Moreover  the  con- 
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ditions  depend  only  on  the  direction  of  nn  and  not  on  its  po3l^ic)n,  Alon^ 

the  edge  defined  by  grid  points  1 and  3,  where  y = 0,  the  condition  of  cubic 
normal  slope  requires  that 


= 0 (B) 

It  can  be  shown  (ref.  8)  that  the  condition  for  cubic  variation  of  normal  slope 
alone  edge  1-5  is 

5b^c  a^^g  + (Ub^c^  - b^)a^^  + (3b^c^  - 2b^c)a^g  + (2bc^  - 3b^c^)a^^  + 

(c^  - i*b^c^)a2Q  - 5bc^  ag^  = 0 (9) 


and  the  condition  for  cubic  variation  of  the  normal  slope  along  the  edg®  3-5 
(see  fig.  1)  is 

5a^c  a^g  + (-l4a^c^  * a^)a^^  + (3a“^c^  - 2a^c)a^g  + (-2  ac^  + 3a^c‘^)a^^  + 

(c^  - Ubl^c^)  a^Q  + 5ac^a2j^  = 0 (10) 


The  l8  relations  between  grid  point  displacements  (w,  a and  6 at  each 
of  the  six  grid  points)  and  the  coefficients  of  the  polyno''.ial,  together  with 
the  three  constraint  equations  (8),  (9)>  and  (10.',  uniquely  determine  the 
coefficients  to  a^^*  The  following  equations  can  therefore  be  written: 


{6)  = (Q]  {a} 


(11) 


and 


{a}  * (S)  {5} 


(12) 


where  iQ]  is  the  18  x 21  matrix  Involving  the  co-ordinates  of  grid  points 
substituted  into  the  function  w (eq.  (6))  and  the  appropriate  expressions 
of  a and  6;  {a}  is  the  column  vector  of  coefficients  a^  to  a^^^,  and  IS] 

is  a 21  X 18  matrix  and  consists  of  the  first  18  columns  of  the  inverse  of  an 
augmented  matrix  of  [Q]  and  the  three  constraint  equations  f3),  (9)»  and  (10). 


Stiffness  Matrix 

The  following  relationships  are  obtained  from  the  theory  of  defoimation 
for  plates  (ref.  9) . In  the  present  notation,  the  curvatures  are  defined  by 
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' lending  aud  twisting  moments  are  related  to  curvatures  by 
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jfhere  [D]  is,  in  general,  a full  symmetric  matrix  of  elastic  coefficients. 

Shear  forces  (and  hence  shear  strains)  are  proportional  to  the  third 
erivatives  of  the  displacements.  Since  the  displacement  within  the  element 
’s  assumed  to  vary  as  a quintic  polynomial,  shear  strains  are  expressed  by  a 
^uadratic  polynomial  as  follows; 

Yjj  = ^1  + ^2^  + b^y  + bj^x^  + b^xy  + b^y^ 


2 2 

Yy  = Cl  + c^x  + c^y  + cj^x  + c^xy  + c^y 


(15) 


The  shear  forces  ’ , V are  related  to  Y > Y by 

X y 'x’  'y 


= t»  [G]{ 


(16) 


here  G is  in  general  a full  2x2  symmetric  matrix  and  t*  is  an  effective 
thickness  of  the  element. 


It  can  be  shown  that  b,  to  b^  suid  c,  to  c^  can  be  expressed  in 

1 6 1 ^ ry  ^ 

) xz  lean  be 

l^yzj 


terms  of  the  coefficients  a^  to  ag^^  (ref.  8)  and  hence 
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expressed  as 


{y}  = lB^]  {a} 


(17) 


where  [B^]  is  as  given  in  reference  8.  The  curvature  (x)  is  now  split  into 
2 parts,  i.e. , 


where 


{X>  = 


(18) 


{Xi>  = 


r 


9^v 
3x^ 

3^w  V 

3y^  ^ 

•:>2 
9 V 

3x3y 


r 


(Xo> 


- 


9y 


XZ 


3x 

By 

3y 


11. 


3y  3y 

XZ  _ yz 
3y  3x 


(19) 


It  follows  that  {Xj^}  is  the  vector  of  curvatures  in  the  absence  of  trans- 
verse sheeu*  and  {x^}  is  the  contribution  of  transverse  shear  to  the  vector  of 
curvatures.  Now  ^■'^‘3.  (Xg)  expressed  in  terms  of  generalized  co-ordinate 

{a}  as 


(Xi)  = [B^J  {a} 


(20) 


and 


(Xg)  = [B3]  {a} 


where  [B^]  smd  [B^]  are  given  in  reference  8.  Thus, 

(X)  = {X^}  + {X2>  * ([Bg]  + (B^l)  {a} 

The  generalized  stiffness  matrix  can  be  obtained  as  (ref.  8) ; 

“‘'8™  ■ II {(‘®9  " * t»3')  * dx  dy 


(21) 


(22) 


(23) 
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The 


element  stiffness  matrix  in  the  local  co-ordinate  system,  is,  by 


Ivirtiie  of  equation  (12), 

I 


IKK  = IS)'  rs) 


(?k) 


f The  element  stiffness  matrix  in  the  global  co-ordinate  system,  i® 


[K]  = [T^r  [Klg  [Tgl 


(25) 


St^r 


I 


where  [T  ] is  the  transformation  matrix  of  displacement  vectors  from  global 
to  local  co-ordinates  of  element. 

The  evaluation  of  the  elements  of  the  generalized  stiffness  matrix, 

of  equation  (23),  in  closed  form  is,  though  straightforward,  very  tedious. 

This  is  due  to  the  lengthy  expressions  involved  in  the  triple  matrix  products. 
The  integration  involved  in  equation  (25)  is  now  split  into  5 integrals  as 
follows : 

[Kl  = fS  [0]  [B  1 dx  dy 


gen 


+ //  [h]  [B  1 dx  dy  + //  [B^]  [D]  dx  dy 


+ //  IB,]'^  [Bl  [B  1 dx  dy  + ff  [B^]  [G]  [B^]  dx  dy 


(26) 


The  first  term  ff  [B^l  [DHB21  dx  dy  is  evaluated  in  closed  form;  the 

other  four  terms  are  e\Kaluated  using  numerical  integration.  The  numerical  in- 
tegration formulas  used  are  listed  in  ref.  8.  If  the  plate  is  assumed  o be 
rigid  in  transverse  shear,  the  matrices  and  [B^]  are  null  and  the  las 

four  terms  of  equation  (26)  vanish. 

Consistent  Mass  Matrix 

It  can  be  shown  that  the  generalized  consistent  mass  matrix  is  (ref.  8) 


[M]  = pt  ff  [C]  ICl  dx  dy 

gen 


(27) 
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where  [C]  = [1  x y x xy  y y ]. 

The  mass  matrix  can  be  transformed  to  element  co-orr^inates  and  global 
co-ordinates  by  the  same  transformations  as  those  used  for  stiffness  matrix. 
Thus , 


[M]^  = [S]‘  [S]  (28) 

£ind 

[M]  = [T  [M]  [T  ] (29) 

g 2 e 2 

where  the  subscripts  e and  g on  [M]  stand  for  element  and  global  system, 
respectively. 


Consistent  Load  Vector 

It  can  be  shown  that  the  generalized  consistent  load  vector  is,  (ref.  8) 

^ (30) 

gen 

where  q is  the  distributed  loading. 

The  consistent  load  vect^'  .n  now  be  transformed  to  element  and  global 
co-ordinates  by 


[P]_  = [S]^  [P]^.. 

(31) 

e 

gen 

“'u  ■ ' 

[T,]"  [P], 

(32) 

THE  QUADRILATERAL  PLATE  ELEMENT 


The  quadrilateral  element  is  formed  from  four  of  the  triangular  elements 
just  described.  Two  arrangements  of  the  quadrilateral  element  are  shown  in 
Figures  3(a)  and  3(b). 

The  quadrilateral  element  has  eight  grid  points  on  its  edges.  In  the 
arrangement  of  the  quaidrilateral  element  shown  in  Figure  3(a),  which  will  be 
designated  as  QUADl,  the  quadrilateral  is  divided,  first  into  2 triangles  by 
one  diagonal  and  then  again  into  2 more  triangles  by  the  other  diagonal.  In 
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each  case  one  additional  grid  point,  at  the  mid-point  of  the  diagonal,  is  intro- 
duced j the  stiffness,  mass  and  load  matrices  of  the  triangles  are  evaluated  and 
added  and  the  terms  associated  with  the  internal  grid  point  are  eliminated  by 
static  condensation-  The  stiffness,  ma,ss  and  load  matrices  of  the  quadrilateral 
element  are  obtained  by  adding  one-half  the  contribution  of  each  case-  In  the 
arrangement  of  the  quadrilateral  element  shown  in  Fig.  3(b),  designated  as 
QUAD5,  five  additional  grid  points  are  introduced  internally  so  that  the  quad- 
rilateral is  divided  into  four  triangular  elements.  The  eight  grid  noints  on 
the  edges  are  numbered  1 to  8.  Grid  point  9 is  located  at  the  intersection 
of  lines  joining  mid-points  of  opposite  edges.  Grid  points  10  to  15  are 
located  at  the  middle  of  the  lines  joining  grid  point  9 to  each  of  the  corners 
of  the  quadrilateral.  The  stiffness,  mass  and  load  matrices  of  the  triangular 
elements  are  evaluated,  as  described  previously,  and  added  by  the  direct  stiff- 
ness technique  to  form  the  respective  matrir*es  for  the  quadrilateral.  The 
internal  grid  points  are  then  eliminated  by  static  condensation. 

In  a preliminary  operation,  the  grid  points  of  the  quadrilateral  are  ad- 
justed to  lie  in  a median  plane.  The  median  plane  is  selected  to  be  parallel 
to,  and  midway  between,  the  diagonals  of  the  quadrilateral.  The  adjusted  quad- 
rilateral is  the  normal  projection  of  the  given  quadrilateral  on  the  median 
plane.  The  short  line  segments  joining  the  corners  of  the  original  and  pro- 
jected quadrilateral  elements  are  assixmed  to  be  rigid  in  bending  and  extension. 
The  quadrilateral  element  and  its  projection  cnto  the  median  plane  is  shown  in 
Fig.  3(c). 


FORMULATION  AND  SOLUTION  OF  EQUATIONS 


The  global  stiffness  matrices,  load  vectors,  and  mass  matrices  for  the 
complete  structure  modeled  by  these  elements  are  assembled  from  the  correspond- 
ing matrices  of  the  individual  elements  by  standard  methods  (ref.  6)  to 
form  the  matrix  equation 


[K]  {U}  = {P} 


(33) 


Because  the  d.o.f.  at  grid  points  consist  of  displacements  and  rotations, 
it  presents  no  difficulty  to  specify  the  appropriate  geometric  boundary 
conditions  at  any  irregular  and/or  complex  boundary.  After  the  boundary 
conditions  are  applied,  the  matrix  eq,uation  (35)  is  solved  by  Gaussian 
elimination  to  obtain  the  global  displacement  vector  {U}. 


DISCUSSION  OF  RESULTS 


The  triangular  and  quadrilateral  elements  are  used  to  solve  two  problems 
in  statics  and  dynamics  of  thin  isotropic  plates.  Only  the  results  for  the 
simply  supported  plate  are  presented  here;  the  interested  reader  ma,j(  COiiSUlb 
ref.  8 for  details.  The  problem  analyzed  is  that  of  the  statics  and  dynamics 
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of  a square  plate  with  edges  simply  supported.  All  calculations  were  carried 
out  on  the  CDC  6400/6600  series  of  computers  with  SCOPE  operating  system  of 
the  Langley  Research  Center.  Single  precision  arithmetic  was  used  xhroughout. 

A value  of  Poisson’s  ratio  of  0.0  is  used  in  all  problems.  It  is  mentioned 

in  this  context  that  other  finite-element  analyses  in  the  literature  use  O.J  I 

as  the  value  of  Poisson’s  ratio.  \ 
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Static  Analysis  of  a Square  Plate 

The  arrangement  of  the  finite  elements  in  a quarter  of  the  square  plate 
is  shown  in  Fig.  4.  The  number  of  subdivisions  of  the  edge  of  the  square  is 
denoted  by  N.  Due  to  symmetry,  only  one-quarter  of  the  plate  is  analyzed. 

The  calculated  values  of  the  deflection  at  the  center  of  the  simply  supported 
plate  are  given  in  Table  1 and  compared  with  the  exact  solution  given  by 
Timoshenko  (ref,  9)*  These  values  together  with  other  known  finite  element 
analyses  available  in  the  literature  (refs.  4,  5 and  10)  are  also  compared 
in  Figures  5 6 in  plots  of  deflection  versus  mesh  size  using  a linear  scale 

for 

As  seen  from  table  1,  the  "Q”  arrangement  is  found  to  give  better  results 
than  the  ”P”  arrangement  for  the  uniformly  distributed  loading;  however,  the 

arrangement  is  found  to  be  better,  in  general,  for  concentrated  loads.  For 
the  clamped  plate,  the  ”P”  arrangements  are  found  to  be  slightly  better  than 
the  arrangements,  as  noted  from  ref.  8.  For  the  quadrilateral  element, 
QUADl  is  found  to  be  superior  bo  QUAD5. 

The  high  accuracy  achieved  with  the  present  elements  (triangular  and 
quadrilateral),  even  for  the  coarsest  mesh,  is  evident  from  Table  1 and 
Figures  5 and  6 for  the  simply  supported  plate.  In  the  case  of  the  clamped 
plate,  the  results  for  the  coarsest  grid  are  not  as  accurate  as  in  the  case  of 
the  simply  supported  plate  (ref.  8);  however,  as  the  element  size  is  decreased 
the  values  of  deflection  obtained  with  the  present  elements  approach  very 
rapidly  the  exact  results. 


Free  Vibration  of  a Square  Plate 

The  natural  frequencies  of  a simply  supported  square  plate  wei\  letermined 
using  the  triangular  and  quadrilateral  elements.  The  non-dimensional  eigen- 
values are 

A = pt££?L^/D  (3^) 


p = mass  density 
t = thickness  of  plate 
(»)  = circular  frequency 
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L = length  of  side  of  square  plate 

D = Et5/l2(l  - v^) , the  flexural  rigidity  of  the  plate. 

The  exact  eigenvalues  for  the  simply  supported  plate  are  given  by 

X = (r^  + 11^  (35) 


where  r and  s refer  to  the  number  of  half-waves  parallel  to  the  edge  directions. 

The  lowest  6 values  obtained  using  the  present  elements  and  the  exact 
results  are  shown  in  Table  2.  The  eigenvalue  problems  were  solved  using  a 
Jacobi  routine  that  produced  the  complete  set  of  eigenvalues  and  eigenvectors. 
Consistent  mass  matrix  was  used  for  treatment  of  inertia.  It  is  seen  that  the 
lowest  eigenvalue  is  calculated  to  within  1%  of  exact  result.  Good  agreement 
is  noticed  for  higher  eigenvalues  as  well. 


THE  TR-18  FAMILY  OF  ELEMENTS 


A number  of  finite  element  formulations  for  doubly  curved  shells  are 
presently  available,  the  notable  among  them  being  the  works  of  Ahmad,  Irons 
and  Zienkiewicz  (Ref.  11),  bonnes,  Dhatt,  Giroux,  and  Robichand  (Ref.  12), 
Strickland  and  Loden  (Ref.  13),  Key  and  Beisinger  (Ref.  1^),  Dhatt  (Ref.  15 )» 
and  Olson  and  Lindberg  (Ref.  l6).  Some  of  these  have  neglected  transverse 
shear  deformations  whereas  some  others  use  sub-triangles  and/or  second  and 
higher  order  derivatives  of  the  displacements  of  the  element  as  degrees  of 
freedom,  thus  complicating  the  formulation.  A need  still  exists  for  an 
accurate  shell  element  that  has  only  translations  and  rotations  as  d.o.f. 

Such  shell  elements  can  be  derived  using  the  TR-18  plate  element;  the 
formulation  presented  here  is  simple  and  includes  transverse  shear  deforma- 
tions; it  is  based  on  the  linear  shear  deformation  theory  of  thin  shells  as 
given  by  Washizu  (Ref.  17). 

Using  shallow  shell  theory,  flat  plate  elements  can  be  easily  converted 
to  curved  shell  elements.  The  linear  strain  triamgtilar  membrane  element, 
known  as  TRIM6  in  the  literature,  can  be  combined  with  the  TR-l8  plate  element 
to  develop  a doubly  curved  sheJ.low  shell  triangular  element.  The  surface  of 
the  shell  will  be  approximated  by  a quadratic  polynomial  of  the  position 
coordinates  of  the  base  triangle.  By  a procedure  analogous  to  that  discussed 
for  the  quadrilateral  plate  element,  a quadrilateral  shallow  shell  element 
can  be  developed.  Multilayered  plates,  and  plates  with  coupled  membrane  and 
bending  deformations,  can  be  designed  using  TR-18  plate  elements. 
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Ciirved  Triangiil.ar  Shell  Element 


Fig.  7 shows  a differential  element  dA  on  the  middle  surface  of  the 
doubly  curved  shell  with  orthogonal  curvilinear  surface  co-ordinates 

A right  handed  cartesian  co-or  te  system  X,  Y,  Z is  also  shown. 

In  Fig.  8 and  Fig.  9 the  curved  triangular  shell  element  is  shown  in  basic  and 
local  coordinate  systems.  The  differential  surface  element  is  expressed  as 


dA  = d^2 


(36) 


where  and  are  the  Lame  parameters. 


If  the  surface  ^(x,y)  of  an  element  is  shallow,  the  following  relations 
are  valid 


« 1 


(t 


y; 


« 1 


(37) 


where 


dz 
- 3x 


3z 

3y 


The  set  of  orthogonal  curvilinear  co-ordinates  over  the  surface 

of  the  shallow  element  dA  can  be  replaced  by  a set  of  shallow  cartesian 
co-ordinates  (x,y,z)  where 


^1  = X ^ y 

(38) 

and  Lam4 

parameters 

“i  ” “2  ^ 

(39) 

From  eq. 

(36),  (38) 

and  (39) » dA  = dx  dy 

(40) 

The 

curvatures 

of  the  shallow  element  can  then  be  approximated  by 

1 

Rll  " 

(4l) 

1 

R22  " "^»yy 

(42) 
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is  the  vector  froa  the  origin  of  tr.i  basic  co-ordinate  syster.  to 


the  origin  of  the  local  co-ordinate  system.  The  distances  X , Y , Z are 

U 0 U 

not  involved  in  the  calculation  of  the  stiffness  matrix  of  the  element  since 
only  the  differences  of  co-ordinates  are  used;  hence  they  are  discarded.  The 
inversion  of  equation  (44)  yields 


A,, 

11 

21 

A .. 

A 

12 

22 

\ 

> 

■'13 

23 

It  may  be  seen  that  ^j^l’ 


8uid  A, 


are  components  in  X,  Y and  Z 


directions  of  a unit  vector  along  the  x direction;  and  so  on  for  ^^2’  ^13* 

An  analytical  description  of  the  surface  of  the  element  suitable  for 
application  of  shallow  shell  theory  is  obtained  by  assuming  that  the  elevation 
of  the  shell  middle  surface  may  be  expressed  as  a quadratic  polynomial  in  the 
local  co-ordinates  of  the  element,  i.e., 

z(x,y)  = + ^2^  ^3^  * ^4^^^  * ^5*^  * ^6^^ 
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This  implies  that  the.  shell  element  has  constant  curvatures  and  is  consistent 
with  the  approximations  of  shallow  shell  theory.  Knowing  the  co-ordinates 
X,  y,  z of  the  six  points  of  the  triangular  'lement,  the  constants  f^  to 

fg  can  he  evaluated. 

Symbolically 


iz)  = {f} 

(47) 

ir}  = [Q^]"^  {z} 

(48) 

where  [Q^]  is  a 6 x 6 matrix  of  the  co-ordinates  of  the  six  points  of  the 
element  substituted  into  equation  (ho). 


Degrees  of  freedom  stnd  assumed  displacement  function.-  The  element  has  30 
degrees  of  freedom  (d.o.f.),  with  5 d.o.f.  per  grid  point.  These  are  the 
three  translations  u.  v,  w in  the  x,  y,  and  z directions  and  the  rota- 
tions of  the  xz  and  yz  planes,  a and  0.  The  displacements  u,  v,  w 
are  positive  in  the  positive  co-ordinate  directions j the  slopes  are  positive 
when  they  cause  compression  at  the  top  of  the  surface.  The  u and  v d.o.f. 
are  assumed  to  vary  ever  the  element  by  a full  quadratic  polynomial  of  local 
CO -ordinate.".,  as  follows: 


2 2 

u = a^  + a^x  + a^y  + a^x  + a^xy  + a^y 


V = a.^  + SqX  + a^  + ^10* 


11  •’  ir 


(U9) 

(50) 


The  deflection  w will  be  defined  by  a quintic  polynomial  as  in  equation  (6). 
The  coefficients  a^  to  &21  equation  (6)  will  be  renumbered  a^^^  to  a^^ 
respectively.  The  55  coefficients  a^^  to  a^^  can  be  uniquely  determined 
from  the  50  d.o.f.  of  the  shell  element  (5  d.o.f.  each  at  six  grid  points) 
together  with  the  5 constraint  equaticas  (8) , (9) , and  (10) . 


Strain-displacement  relations.-  The  expressions  for  transverse  shear 
strains  and  bending  strains  for  the  curved  shell  element  are  the  same  as  those 
for  the  TR-18  element  (eqs.  (7)  and  (15)).  The  membrane  strains  are 


470 


e 

X 


e 

y 


_ 9u 

” 3x  “ ■"  3 2 
dx 


3v  3^z 


S lii  + ^ _ o 
^xy  3y  3x  ” 3x3y 


(51) 


Stiffness  matrix. ~ The  stiffness  matrix  can  be  evaluated  by  the  standard 
procedures  (ref.  6).  The  element  can  then  be  tested  against  other  elements 
(refs.  11  to  16)  for  suitability  as  well  as  accuracy.  At  the  time  of  writing 
of  this  paper,  the  calculations  for  the  element  have  not  been  completed. 


Curved  Quadrilateral  Shell  Element 


A curved  quadrilateral  shell  element  can  be  constructed  from  the  curved 
triangular  shell  elements  by  a procedure  analogous  to  that  of  the  construction 
of  the  quadrilateral  plate  element  from  the  TR-18  element. 


Plates  With  Membrane-Bending  Coupling 

Plates  with  coupled  membrane  and  bending  deformations  and  multilayered 
plates  (fig.  10)  can  be  analyzed  by  means  of  the  elements  presented  earlier 
herein.  Multilayered  plates  will  produce  coupling  between  membrane  and 
bending  deformations  when  the  plate  is  not  symmetrical  with  respect  to  its 
middle  surface.  A general  form  of  the  coupled  stress-strain  relationship 
can  be  expressed  as 

r ^ 


(F) 

(A1 

IBI 

0 

in 

UM} 

m 

(j 

(x) 

{V} 

J 

0 

0 

t*(Gl 

{y} 

L J 

(5^i) 


where 


(?)  is  a vector  of  membrane  force  components 


P , F 
y xy 

(M)  is  a vector  of  bending  and  twisting  moments  M , M , M 

A Jr  AjT 

{V}  is  a vector  of  transverse  shear  components  V , V 

A Jr 
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{e  } is  a vector  of  membrane  strain  components  e , e , c 
^ X y xy 

(x)  is  a vector  of  curvatures  X » X * X ,, 

{y}  is  a vector  of  average  transverse  shear  strain  y^  , y 

^ y 

N 

[A]  is  a 5 X 3 matrix,  ^ [0  ] 

k=l 
N 

[2]  :s  a 3 X 3 matrix,  ^ [G  ) 

k=l  ® 

N 

[D]  is  a 3 X 3 matrix,  } [G  1 

' i.  e 

k=l 

[G]  is  a 2x2  transverse  shear  matrix 

[G  1 is  a 3 X 3 matrix  of  elastic  coefficients 
e 

t is  the  distance  to  the  outer  edge  of  plate  (or  layer  in  a multilayer 
plate)  from  reference  surface 

^ is  the  distance  to  the  inner  edge  of  plate  (or  layer  in  a multilayered 
plate)  from  reference  surface 

t*  is  an  effective  thickness  for  the  element 
The  inplane  strain  vector  at  any  point  is 

{€}  = {e^}  - 2 (x)  (55) 

where  z is  the  distance  from  the  reference  surface.  The  strain  energy  of  the 
plate  element  is 

U * | / + {V}'^{Y)ldA  (54) 

where  the  integration  is  carried  out  over  the  surface  of  the  element.  The 
stiffness  matrix  for  the  triangular  and  quadrilateral  elements  can  be 
evaluated  by  the  usual  procedures  (refs.  6 and  8). 


- Vi> 


2 2 
t - t 
k k-1 


k k-1 


CONCLUDING  REMARKS 


New  triangular  elements  and  associated  quadrilateral  elements  for  plate 
and  shell  analysis  having  only  displacement  and  rotations  as  grid  point 
degrees  of  freedom  are  described  in  this  paper.  The  examples  presented  for 
plate  elements  demonstrate  that  high  accuracy  is  achievable  using  these 
elements  for  practical  subdivisions. 
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The  effect  of  transverse  shear  deformations  is  included  in  the  element 
formulation.  Transverse  shear  strains  vary  quadrat ically  within  the  element; 
convergence  to  the  limiting  case  of  zero  transverse  shear  strain  is  uniform. 
The  present  elements  are  expected  to  give  better  approximations  than  most 
displacement  model  plate  bending  elements  for  solving  problems  where  trans- 
verse sht-ar  effects  are  significant- 

Finally,  it  is  remarked  that  these  elements  are  ideally  suited  for 
inclusion  into  general  purpose  computer  programs  due  to  (i)  simplicity  of 
formulation,  (ii)  use  of  only  displacements  and  rotations  as  grid  point 
degrees  of  freedom,  (iii)  high  accuracy  for  practical  mesh  subdivisions  and 
(iv)  inclusion  of  transverse  shear  flexibility  in  the  element  properties. 
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Figure  5.-  Simply  supported  square  plate;  central  deflection 
under  central  point  load  P. 
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FASr  MODAL  EXTRACTION  IN  NASTRAN  VIA  THE 
PEER  COMF1  TER  PROGRAM 


By  Malcolm  Nevman  and  Aaron  Pipano 

Israel  Aircraft  Industries,  Ltd. 
Lod  Airport,  Israel 


SUMMARY 


A new  elgensolutlon  routine,  PEER  (Fast  Elgensolution  Extraction 
Routine) , used  In  conjunction  with  NASTRAN  at  Israel  Aircraft  Industries 
Is  described.  The  PEER  program  Is  based  on  an  automatic  matrix  re- 
duction scheme  whereby  the  lower  modes  of  structures  with  many  degrees 
of  freedom  can  be  accurately  extracted  from  a trldlagonal  eigenvalue 
problem  whose  size  Is  of  the  same  order  of  magnitude  as  the  number  of 
required  modes.  The  process  Is  effected  without  arbitrary  lumping  of 
masses  at  selected  node  points  or  selection  of  nodes  to  be  retained  In 
the  analysis  set. 

The  results  of  computational  efficiency  studies  are  presented, 
showing  major  arithmetic  operation  counts  and  actual  computer  run  times 
of  PEER  as  compared  to  other  methods  of  eigenvalue  extraction.  Including 
those  available  in  the  NASTRAN  READ  module.  It  Is  concluded  that  the 
trldlagonal  reduction  method  used  In  PEER  would  serve  as  a valuable  addi- 
tion to  NASTRAN  for  highly  increased  efficiency  in  obtaining  structural 

vibration  modes. 


INTRODUCTION 


One  of  the  most  burdensome  computational  tasks  In  discretized 
structural  systems  centers  around  the  extr  otlon  of  mode  shapes  and 
frequencies  when  the  orders  of  the  matr'  ^s  are  large.  The  difficulties 
are  compounded  as  the  number  of  requited  elgensolutlons  Increases  and 
multiple  or  near-multiple  eigenvalues  are  encountered. 
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Currently,  NASTRAN  provides  three  methods  for  modal  extraction 
(refs.  1 and  2):  the  Trldlagonal  or  Givens  method,  the  Inverse  Power 

Method  with  Shifts,  and  the  Determinant  method.  In  each  method  the 
problem  size  encountered  Is  equal  to  the  number  of  degrees-of-freedom 
In  the  analysis  set  which,  given  typical,  present-day  problem  applica- 
tions, may  run  Into  the  thousands.  One  means  of  reducing  the  size  of 
the  analysis  set  is  via  the  Guyan  reduction  (ref.  3),  which  has  been 
Incorporated  into  NASTRAN.  This  technique,  which  Is  similar  In  concept 
to  the  Kaufman  - Hall  reduction  (ref.  4),  requires  a "judicious" 
elimination  of  selected  mass  degrees-of-freedon.  and  an  attempt  Is  made 
to  account  for  the  influence  of  the  eliminated  nodes  through  equivalent 
energy  criteria.  As  demonstrated  by  Levy  (ref.  5),  such  an  intuitive 
approach  Involves  a great  deal  of  guesswork  and  can  le  d to  grossly 
Inaccurate  results,  particularly  in  systems  with  relatively  non-uniform 
mass  distribution; . 


What  Is  required  to  circumvent  these  difficulties  Is  a more 
automated  elgenreductlon  scheme  which  yields  eccurate  lower  modes  of 
the  structural  system.  In  essence,  the  probl< m may  be  post.^  as  follows: 


Given  the  nth  order  eigenvalue  problem 

(1) 

where  [K]  and  [M]  are  synnetric  and  non-negative  definite,  we  wish  to 
approximate  the  modal  vectors  by 

{*}  • (THfi)  (2) 


where  [T]  Is  a suit*Mv  constructed  transformation  matrix  of  size 
nxm  (m«n)  and  {d'*  is  f.n  m-component  vector  of  generalized  co- 
ordinates. Usinf  a RhyJeigh-Rltz  procedure  the  resulting  reduced, 
mth  order  elgenpi-iblen  is  of  the  form 


where 


and  (I) 
lover 
order 
rich 


[KH6> 

(3) 

IK]  - 

IT]"^  :k]  (TJ 

(4a) 

(Ml  - 

(Tl"  [Ml  [TJ 

(4b) 

is  an 

approximate  modal  frequency. 

If  a specified  number  of 

modes  are  to  be  accurately  obtained,  then  the  individual  nth 
vectors  comprising  the  transformation  matrix  must  be  sufficiently 
in  the  corresponding  SK>dal  vector  ..  Thus,  the  practical  value  of 
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the  reduction  scheme  hinges  on  its  ability  to  generate  such  a trans- 
formation matrix  with  a minimum  of  corputatlonal  effort. 

A number  of  closely  related  methods  involving  eigenreductlon 
concepts  have  been  proposed  previously.  In  the  work  of  Hestenes  and 
Karush  (ref.  6),  elgensolutions  were  obtained  via  a block  power  method 
(iterating  with  several  vec:tors  simultaneously  as  opposed  to  a single 
vector)  and  a reduced  eigenvalue  problem  was  employed  to  orthogonalize 
and  Improve  successive  blocks  of  vectors  between  iteration  steps.  More 
recently^  Jennings  and  Orr  (ref.  7),  Dong,  Wolf  and  Peterson  (ref.  8), 
and  Bathe  and  Wilson  (ref.  9)  proposed  similar  techniques  using  the 
Inverse  Power  Method  in  conjunction  with  simultaneous  sets  of  vectors 
(alterm.tely  called  Simultaneous  Iteration,  Subspace  Iteration  and 
Elock-Stodola  methods).  In  each  of  these  approaches,  however,  the 
functional  role  of  the  reduced  eigenproblem  is  to  improve  a sub- 
space of  approximate  modal  vectors  with  central  emphasis  being  placed 
on  a block-type  Inverse  Power  method. 

In  this  report,  a new  eigenreductlon  routine,  PEER  (Fast 
Eigensolutlon  Extraction  Routine)  is  deocribed,  wherein  a sing *'3  reduced 
eigenproblem  is  generated  for  the  accurate  extraction  of  any  specified 
number  of  lower  modes.  Further,  the  transformation  matrix  is  generated 
vector-by-vector  in  such  a way  that  the  reduced  eigenproblem  is 
tridiagonal  in  form.  The  PEER  program  is  now  being  used  in  conjunction 
with  NASTRAH  at  Israel  Aircraft  Industries  to  obtain  much  more 
economical  elgensolutions  than  currently  possible  with  the  NASTRAN  READ 
module. 


The  tridiagonal  reduction  method  employed  in  PEER  was  first 
suggested  by  Crandall  (ref.  10)  as  a truncated  version  of  the  Lanezos 
algorithm  (ref.  11).  However,  it  was  soon  discovered  that  the  original 
schesM  possessed  numerical  inscablllties  (refs.  12  and  13).  The 
necessary  improvements  to  correct  these  weaknesses  were  made  by  Ojalvo 
and  Mewman  (ref.  14),  who  were  the  first  to  develop  a successful 
tridiagonal  reduction  prog'  a for  large  scale  structural  dynamics 
problems.  The  PEER  computer  program  contains  further  refinements  later 
introduced  by  Newman  and  Pipano  (ref.  IS),  Including: 

1.  Highly  efficient  numerical  computation  schemes,  uslv.g  packing 
techniques  which  take  advantage  of  matrix  sparsity. 

2.  Calculation  of  accurate  upper  and  lower  bounds  on  the 
extracted  eigenvalues. 

3.  Accommodation  of  singular  mass  matrices  and  stiffness  matrix 
singularities  associated  with  rigid  body  swdes. 


U8? 
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TRIOIAGONAL  REDUCTION  METHOD 


Preliminary  Operations 


Employing  the  NASTRAN  notation,  the  structural  eigenvalue  problem 
is  of  the  form 


(5) 


Both  [K  ] and  [M  1 are  nth  order  symmetric » non-negative  and  ssmi- 
aa  aa 


definite  untrices  corresponding  to  the  analysis  set.  Hence,  they  may 
both  be  singular,  but  all  ':he  eigen\al  es  are  zero  or  positive. 


In  order  to  obtain  a decomposable  matrix,  a small,  positive  shift 
parameter,  a , is  chosen  such  that 


0) 


2 

ci  '01 
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(6) 


Then 


aa  aa  a o aa  a 


(7) 


It  can  be  easily  show  . that  the  shifted  stiffness  matrix  is  non- 
singular and  positive-definite  provided  that  ihe  system  masses  generate 
kinetic  energy  due  to  any  kinematically  admissible  rigid  body  motions 
of  the  structure.  This  requirement  is  alway:;  satisfied  by  the  mass 
matrix  in  a physically  veil-posed  problem. 


In  order  to  maintain  the  elements  of  the  subsequent  trial  vectors 
on  the  order  of  unity,  a positive  mass-scaling  parasus^ter,  S,  iu  also 
employed,  such  that 


lM,aJ  '-i-lMj 


(8) 


If  a Cholaaky  synnetric  decomposition  of  the  shifted  stiffness 
matrix  is  performed: 


tK„  ♦ .M„l 


(u  nr 

it  follows  that  the  eigenvalue  problem. equation  (7).  ,.t  be  converted 


(9) 
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to  the  form 


(B]  {x}  = X{x}  (10) 

where 

{B]  = [L]‘^(M] 

{x}  = [L]^  } (11b) 

a 

and 

X = (11c) 

h>  +« 

The  above  triangular  matrix  Inverses  are  treated  as  purely 
operational  symbols,  since  In  actual  numerical  operations  forward  and 
backward  passes  on  vectors  are  employed. 

Generation  of  the  Reduced  Elgenproblem 


A reduction  of  the  nth  order  eigenvalue  problem, equation  (10),  is 
effected  through  the  transformation 

{ X > = [ V ] { y } (12) 

nxl  nxm  mxl 


where  {x}  is  an  approximation  of  {x}  and  m < n. 
matrix  is  taken  to  be  unitary,  so  that 

The  transformation 

- m. 

(13) 

The  reduced  mth  order  elgenproblem  is  then 

(Aj  {y}  * X{y} 

(14) 

where 

[A]  - m^(B][V3 

(15) 

and  X is  an  approximation  of  the  eigenvalue  X. 

The  essence  of  the  reduction  scheme  lies  in  the  choice  of  the 
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transformation  matrix  [V].  In  the  tridiagonal  reduction  method,  the 
Lanczos  algorithm  (refs.  11  and  13)  is  used  to  build  the  [V]  matrix, 
vector  by  vector,  i.e., 

[V]  » [{Vj^}  {v^} {v^}]  (16) 

such  that  the  reduced  mxm  matrix  [A] , is  tridiagonal  and  its  eigenvalues 
approximate  the  higher  end  of  the  eigenspectrum  of  [B]  (or,  equivalently, 
the  lower  natural  frequencies  of  the  structure). 

The  algorithm  yields 


lA] 


^1  *^2^ 

\ N 

. ®22 

S *33  N 
\ s 

\ N 

N \ m 

N \ 

\ \ 

^d  ^a 
in  mn 


N 


(17) 


where  the  matrix  coefficients  are  theoreticaily  given  by  the  recurrence 
formulas 

dj  “ ; i =l,m  (18) 

^^1+1^  " l»Hv^}-a^^{v^}-d^{v^_^} 

The  process  is  initialized  by  choosing  an  initial  trial  vector,  {v^} 
and  setting  ■ {0};  dj^  ■ 0. 

The  initial  trial  vector  should  contain  all  components  of  the  system 
eigenvectors  and  must  be  constrained  to  eliminate  spurious  elgensolutions 
(ft)^  -»■  w ) due  to  mass  matrix  singularities.  These  requirements  are 
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satisfied  by  setting 


{Vj}  = (19) 

where  {w}  is  an  n-element  vector  obtained  from  a random  number  generator 
routine. 


Reorthogonalization  of  the  Trial  Vectors 


Although  the  trial  vectors  {v^}  generated  in  equations  (18)  form 

a theoretically  orthogonal  set,  it  has  been  shown  (ref.  16)  that  they 
rapidly  degrade  as  the  computations  proceed,  such  that  the  later  vectors 
are  far  removed  from  orthogonality  to  the  earlier  ones.  This  is  caused 
by  unavoidable  computational  round-off,  which,  because  of  repeated 
multiplications  by  the  unreduced  elgenmatrix,  [B],  tends  to  amplify 
the  contributions  of  the  lower  frequency  eigenvector  components.  To 
correct  this  problem,  Gregory  (ref.  12)  experimented  with  the  use  of 
higher  precision  arithmetic,  but  found  only  marginal  improvements  in 
the  final  results.  Later,  Lanczos  suggested  a single  reorthogonalization 
of  the  trial  vectors.  While  this  improves  matters  substantially,  it  still 
does  not  eliminate  the  precision  problem  adequately.  However,  Ojalvo 
and  Newman  (ref.  14)  found  that  the  introduction  of  an  iterative 
reorthogonalization  loop  can  make  the  trial  vectors  as  orthogonal  as 
necessary  for  extremely  large  systems.  The  procedure  is  as  follows: 

Denote  each  new  vector  obtained  from  equations  (18)  as 


iterate, 

’vi'  • i 

j*i  j j 

until  an  acceptable  vector 


la  found  ^ich  satisfies  the  orthogonality  criterion 

max  |{v.}’^{v*  } < 10^"^ 

l<j<i|  J ^ ^ 

where  t is  the  total  number  of  decimal  digits  carried  by  the  computer. 


(20) 
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A normalized  form  of  the  reorthogonalized  trial  vector  is  finally 
obtained  through 


r S+1,  S+l|Tr  S-fl-^-,1/2 


(21) 


Experiences  gained  through  application  of  the  FEER  program  to 
a large  variety  of  problem  types  and  sizes  have  indicated  that  an 
average  of  only  two  reorthogonalizations  are  required  per  trial  vector 
generation. 


Size  Criteria  for  the  Reduced  Elgenproblem 


As  a result  of  numerical  experiments  and  arnlications  (refs.  14, 
15,  17-19),  it  has  been  found  that  in  cases  where  m<<r  (where  r is  the 
total  number  of  structural  modes,  including  rigid  body  modes,  and  m is 
the  size  of  the  reduced  eigenvalue  problem),  a first  grouping  of  more 
than  m/2  lower  frequencies  of  the  reduced  system  are  in  accurate 
agreement  with  the  corresponding  number  of  exact  frequencies,  provided 
that  m i 7,  i.e.,  when  at  least  seven  trial  vectors  are  chosen.  The 

remaining  reduced  system  frequencies  are  spread  across  the  remaining 
exact  spectrum,  with  the  last  one  representing  a lower  bound  on  the 
highest  exact  frequency  of  the  unreduced  problem. 

Thus,  if  the  user  requests  q lower  frequencies  of  the  structure, 
the  order  of  the  reduced  eigenvalue  problem  is 


f min  [2q+l,r];  q > 3 i 
^ min  [7,  r]  ; q 1,  3 ^ 


(22) 


It  should  be  noted  that  in  all  cases  m £ r,  and  whenever  m is 
set  equal  to  r,  all  the  structural  modes  of  the  unreduced  problem  are 
generated. 


Error  Bounds  on  the  Computed  Eigenvalues 


One  of  the  inherently  striking  features  of  the  trldlagonal  reduction 
method  Is  that  the  solution  of  the  reduced,  trldlagonal  elgenproblem 


- X{y} 


4.y2 


[AHy} 


(23) 


and  the  off-diagonal  elements  of  [A]  automatically  provide  accurate 
error-bound  parameterr  for  the  extracted  eigenvalues.  In  particular, 

It  can  be  shown  (ref. 20)  that  absolute  error  bounds  for  each  approximate 
root,  are  found  from  the  Inequality 


-2  ^ 

+ a 

TT“ 

<1)^  + 0 


- 1 


'•mfl 


(24) 


2 

where  Is  an  exact  system  root,  d^j^  Is  the  (m+l)th  off-dlagonal 

element  of  an  [A]  matrix  of  order  m+l,  and  y^^  Is  the  last  element  of  the 
eigenvector  corresponding  to  . 


Program  PEER  Flow  Diagrams  and  Sample  Output 


The  overall  flow  diagram  for  Implementation  of  the  trldlagonal 
reduction  method  In  PEER  Is  shown  In  figure  1.  The  reduced  system 
eigenvalue  problem  Is  solved  In  block  7 by  means  of  a Q-R  algorithm  which 
takes  advantage  of  the, symmetrical,  trldlagonal  form  of  the  elgenmatrlx 
and  the  physical  modal  vectors  and  frequencies  are  finally  computed  In 
block  9.  The  details  of  block  6,  "Execute  Trldlagonal  Reduction 
Algorithm",  are  given  In  flgure2.  Block  6.4  and  the  associated 
peripheral  test  conditions  are  used  to  generate  re-start  vectors  when- 
ever premature  vanishing  of  a trial  vector  occurs.  This  Is  usually  due 
to  the  existence  of  multiple  or  near-multiple  eigenvalues,  as  described 
In  reference  13.  Figure  3 shows  a representative  eigenvalue  table 
produced  by  PEER.  In  this  example,  the  order  of  the  stiffness  matrix 
was  3,072,  while  the  size  of  the  reduced  problem  was  41.  As  shown  by 
the  error  bound  listing,  PEER  generated  21  lower  frequencies  to  within 
an  accuracy  of  .OIZ,  using  only  362  seconds  of  CPU  time  on  a CDC-6600 
computer . 


COMPUTATIONAL  EFFICIENCY  STUDIES 


A count  of  the  major  arithmetic  operations  expended  In  PEER  Is 
summarized  In  Table  1,  where  n denotes  the  size  of  the  stiffness  matrix 
in  the  analysis  set,  b and  b are  average  semi-band  widths  of  the  stiffness 
and  mass  matrices,  respectively,  and  q is  the  number  of  accurate  modes 
requested  by  the  user.  Each  operation  Is  assumed  to  consist  of  a 
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multiplication  followed  by  an  addition. 

It  should  be  noted  that  the  average  bandwidth  parameters  are  used 
primarily  to  provide  a measure  of  the  number  of  non-zero  matrix  elements. 
In  actuality,  PEER  employs  efficient  packing  routines  which  do  not 
require  a uniform  band  structure  for  efficient  computational  operations. 
It  can  be  seen  that  the  major  computational  effort  Involves  decomposition 
of  the  modified  stiffness  matrix  (step  3)  and  provides  the  leading  term 
of  1/2  nb^  In  the  total  operation  count.  One  of  the  positive  features 
of  the  trldlagonal  reduction  method  Is  that  only  one  such  decomposition 
Is  performed  regardless  of  the  number  of  roots  required. 

Operation  count  and  storage  requirements  for  several  alternate 
elgensolutlon  methods  are  compared  with  PEER  In  Table  2.  The  purpose 
of  this  comparison  is  to  provide  an  Indication  of  the  potential 
efficiency  of  each  method,  assuming  that  an  equally  adept  and  kncwledg- 
able  programmer  has  had  a chance  to  employ  the  same  time-saving  tricks 
In  each  case.  For  this  reason,  several  excellent  solution  techniques 
which  achieve  high  efficiency  through  special  data  handling  and  storage 
methods  (see  for  example,  refs.  21  and  22),  but  nevertheless  show  a 
high  minimum  operation  count,  have  not  been  Included  In  the  comparison. 

As  In  Table  1,  the  counts  are  presented  In  terms  of  average  bandwldths 
which  are  again  to  be  Interpreted  as  a measure  of  non-zero  matrix  entries 
rather  than  In  terms  of  a specific  band  structure. 

2 "I 

It  can  be  seen  that  in  the  Givens  method  the  operation  count  (-^  ) 

and  the  storage  requirements  as  well  ( O(n^)  ) become  prohibitively 
large  when  the  size  of  analysis  set  grows  beyond  more  than  a few  hundred 
degrees-of-freedom. 

2 

The  leading  term  In  the  Inverse  Power  Method  (MASTRAN)  Is  qnb  /2 
as  compared  to  nb^/2  for  PEER,  since  at  least  one  shift  per  extracted 
root  and  a subsequent  triangular  decomposition  Is  typically  required  In 
the  former  method.  Based  on  this  assumption  and  the  additional  supposi- 
tion that  an  average  of  seven  Iterations  per  eigenvector  are  required 
in  the  Inverse  Power  method,  theoretical  operation-count  ratios  (Inverse 
Power  Method/FEER)  are  presented  as  a function  of  semi-band  width  and 
the  number  of  required  roots  in  figures  4 and  5 for  the  cases  of 
diagonal  and  consistent  mass  matrices.  These  curves  provide  only  an 
approximate  estimate  of  the  relative  time  savings  actually  accrued  for 
several  reasons.  First,  the  structure  of  the  stiffness  matrix  Influences 
the  decomposition  strategy  employed  in  MASTRAN  via  the  active  column 
approach.  In  addition,  there  Is  no  a-prlorl  knowledge  of  the  actual 
number  of  shifts  and  Iterations  which  will  be  required  In  the  Inverse 
Power  method  for  any  given  problem  application.  In  general,  both  the 
number  of  shifts  and  Iterations  tend  to  Increase  with  the  nund>er  of 
roots  extracted,  so  that  the  curves  Indicating  Improved  efficiency 
of  the  Inverse  Power  method  for  a very  large  number  of  extracted  roots 
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and  small  bandwldths  are  unrealistic. 

Table  2 also  shows  approximate  operation  counts  and  storage 
requirements  for  Gupta's  Sturm  Sequence  method  (ref.  23)  and  a current 
version  of  the  subspace  or  Block-Stodola  method  (ref.  9).  The  storage 
requirements  for  each  of  these  methods,  as  well  as  the  Inverse  Power 
and  PEER  methods,  are  all  on  the  same  order  of  magnitude.  In  Gupta's 
method  the  count  of  25nb^q  is  based  on  his  assumption  that  approximately 
2nb^  operations  are  involved  in  examining  the  Sturm  sequence  for  one 
trial  root  value,  and  that  about  twelve  such  values  must  be  examined 
for  each  accurately  predicted  root  (ref.  9).  With  regard  to  the 
Subspace  Iteration  method,  the  leading  term  in  the  count, nb^,  is  twice 
as  large  as  in  PEER  and  all  other  terms  involving  the  same  functional 
forms  of  the  parameters  n,  b,  5,  q are ‘also  much  larger.  In  addition, 
the  reduced  elgenproblem  which  is  solved  for  improvement  of  the  sub- 
space is  not  tridiagonal  so  that  the  count  for  this  operation  is  on 
the  order  of  q^  as  compared  to  q^  for  the  tridiagonal  reduction  method. 
Plnally,  the  assumption  of  eight  subspace  iterations  may  not  be  very 
reliable,  since  this  depends  on  the  choice  of  the  starting  subspace, 
which  is  somewhat  arbitrary. 

Table  3 presents  a set  of  actual  cotoputer  runs  comparing  the 
CPU  execution  times  of  PEER  vs.  the  Inverse  Power  and  Givens  methods 
in  the  NASTRAN  READ  module.  The  results  indicate  that  the  more  efficient 
decomposition  operations  and  shift  strategy  incorporated  into  Level  15 
have  yielded  significant  Improvements  in  the  Inverse  Power  method  as 
conpared  to  the  Level  12  version  (see  also  ref. 24). 

However,  the  run  times  for  comparable  or  identical  problems  are 
generally  5 to  20  times  faster  with  PEER  than  with  the  Level  15  Inverse 
Power  method  when  between  5 and  20  accurate  modes  are  requested.  This 
result  is  in  rough  agreement  with  the  operation  count  ratios  shown  in 
figures  4 and  5.  In  problem  No. 2,  which  is  relatively  small  and  could 
therefore  be  treated  with  the  Givens  method,  the  execution  time  via 
PEER  was  approx.'.mately  3 times  as  fast,  since  only  35  modes  were  re- 
quested, while  in  the  Givens  method  the  user  has  no  choice  and  must 
pay  the  penalty  of  having  all  the  eigenvalues  calculated  (in  this 
particular  case,  105). 


CONCLUDING  REMARKS 

Significant  computational  efficiencies  are  achieved  in  the  PEER 
program  primarily  due  to  the  trldlagonal  reduction  method  of  modal 
extraction.  Basically,  the  subspace  of  trial  vactors  generated  via 
this  method  are  sufficiently  rich  In  the  lower  modes  to  provide  a 
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single,  reduced,  trldlagonal  elgenproblem  whose  solution  provides  these 
inodes  with  a high  degree  or  accuracy.  This  feature  distinguishes  It 
from  the  usual  subspace  or  block  Iteration  methods,  where  the  trial 
vector  subspace  Is  established  somewhat  arbitrarily  and  subsequently 
Improved  through  repeated  solutions  of  reduced  elgenproblems.  The 
trldlagonal  reduction  method  employs  only  a single,  Intltlal  shift  of 
eigenvalues  and  hence  requires  only  one  matrix  decomposition.  It  Is 
consequently  much  more  efficient  than  the  Inverse  Power  Method  with 
shifts  when  more  than  one  or  two  lower  modes  are  requited.  PEER  Is 
also  extremely  efficient  for  out-of-core  operations  and  requires  only 
(15,000  + 7.n)  central  memory  words,  where  n is  the  order  of  the 
analysis  set.  Another  feature  of  the  method  Is  that  the  reduced 
problem  Is  generated  automatically,  starting  with  a random  trial 
vector,  and  this  avoids  one  of  the  basic  weaknesses  of  techniques 
requiring  either  a judicious  selection  of  starting  vectors  or  retained 
nodes . 


It  Is  concluded  that  the  trldlagonal  reduction  method  used  In 
PEER  would  serve  as  a valuable  addition  to  NASTRAN  for  Increased 
efficiency  in  obtaining  structural  vibration  modes. 
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SUMMARY  AND  ABSTRACT 


A subsonic  flutter  analysis  capability  has  beer  developed  for  NASTRAN, 
and  a developmental  version  of  the  program  has  been  installed  on  the  CDC  6000 
series  digital  computers  at  the  Langley  Research  Center.  The  flutter  analysis 
is  of  the  modal  type,  uses  doublet  lattice  unsteady  aerodynamic  forces,  and 
solves  the  flutter  equations  by  using  the  k-method.  Surface  and  one-dimensional 
spline  functions  are  used  to  transform  from  the  aerodynamic  degrees  of  freedom 
to  the  structural  degrees  of  freedom.  Some  prelininary  applications  of  the 
method  to  a beamlike  wing,  a platelike  wing,  and  a platelike  wing  with  a folded 
tip  are  compared  with  existing  experimental  and  analytical  results. 


INTRODUCTION 


The  available  standard  level  of  the  NASA  structural  analysis  computer 
program  (NASTIAN)  can  be  used  to  solve  flutter  problems  by  using  the  "direct 
input  matrix"  feature  of  the  program  to  add  the  required  unsteady  aerodynamic 
force  matrices  to  the  appropriate  structural  matrices  and  solve  the  resulting 
eigenvalue  problem.  This  procedure  is  inefficient  and  is  not  routinely  used 
by  aeroelasticians.  However,  since  its  first  public  release  in  1970,  NASTRAN 
has  proven  to  be  a very  useful  tool  to  many  persons  interested  in  flutter,  but 
this  use  has  been  limited  to  using  the  program  to  calculate  the  structural 
modes  euid  frequencies  that  are  required  as  input  to  separate  special-purpose 
flutter  analysis  con^niter  programs.  This  use  of  NASTRAN  by  aeroelasticians 
has  created  seme  interest  in  incorporating  a flutter  analysis  capability  in 
NASTRAN.  At  the  first  NASTRAN  Users'  Experiences  Colloquium  (ref.  1)  a paper 
(ref.  2)  was  presented  that  described  the  results  of  a design  study  for  a 
ccanplete  NASTRAN  aeroelastic  analysis  capability.  By  using  this  design  study 
as  a guideline,  the  NASA  has  sponsored  the  development  of  a subsonic  flutter 
analysis  addition  to  NASTRAN. 


The  purpose  of  this  paper  is  to  describe  this  new  flutter  analysis  capa- 
bility euid  present  some  results  from  preliminary  applications  of  the  program. 
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The  technique  developed  is  of  the  modal  type,  uses  doublet  lattice  unsteady 
aerodynamic  forces,  uses  one-dimensionaD.  and  surface  spline  functions  to  trans- 
form from  aerodynamic  degrees  of  freedom  to  structural  degrees  of  freedom,  and 
solves  the  flutter  equations  by  using  the  k-method.  The  program  is  in  what 
might  be  termed  a developmental  form,  has  only  been  installed  on  the  CDC  6000 
series  digital  computers  at  the  Langley  Research  Center,  and  is  not  available 
for  general  release  to  the  public.  Results  from  preliminary  applications  of 
the  program  to  a beamlike  wing,  a platelike  wing,  and  a platelike  wing  with 
a folded  tip  are  compared  with  existing  analytical  and  experimental  results. 


OBJECT I VLS  AND  GUIDELINES 


The  basic  steps  required  in  a flutter  analysis  are  sho’m  in  the  block 
diagram  presented  in  figure  1.  A characterization  of  each  step  is  shown  on 
the  right  in  the  figure.  The  overall  objective  of  the  NASTRAN  subsonic  flutter 
analysis  was  to  provide  a fully  automated  means  for  proceeding  through  these 
steps  in  an  efficient  manner  to  determine  the  flutter  characteristics  of 
complex  structural  and  aerodynamic  configurations.  The  development  was  con- 
strained to  the  use  of  existing,  proven  state-of-the-art  techniques.  There- 
fore, the  major  effort  was  to  assemble  the  selected  procedures  into  the  NASTRAN 
environment.  One  of  the  most  significant  guidelines  was  that  there  would  be 
no  constraints  imposed  on  the  structural  Idealization  by  aerodynamic  considera- 
tions, and  that  the  aerodynamic  idealization  would  be  made  totally  independent 
of  structural  modeling  considerations.  That  is,  the  structure  can  be  repre- 
sented by  an  optimum  selection  and  arrangement  of  structural  elements  and 
degrees  of  freedom,  and  the  aerodynamic  characteristics  can  be  determined  by 
an  optimum  selection  of  aerodynamic  degrees  of  freedom.  This  guideline 
dictated  providing  a very  general  capability  for  the  structural- aerodynamic 
interface  which  is  required  to  transform  the  aerodynamic  degrees  of  freedom  to 
the  structural  degrees  of  freedom.  Additional  guidelines  were  that  the  tech- 
nique should  be  easy  to  use  and  that  the  input  data  requirements  associated 
with  the  unsteady  aerodynamics  and  flutter  solution  and  the  format  of  the  out- 
put results  be  in  a form  not  totally  unfamiliar  to  aeroelasticians.  Another 
guideline  that  should  be  mentioned  is  that,  vdiere  practical,  the  new  proce . .res 
required  for  flutter  analysis  would  be  made  as  general  as  possible  so  tha'  the 
basic  capability  can  be  easily  expanded,  if  so  desired  at  a later  date,  to 
pccommodate  additional  aerodynamic  theories,  flutter  solution  procedures,  and 
so  forth.  Naturally,  it  was  required  that  the  flutter  analysis  be  compatible 
with  the  existing  NASTRAN  general  structural  capability  and  contain  such 
existing  features  as  the  restart  capability.  Further,  it  wab  required  that  the 
flutter  auialysis  be  incorporated  into  a standard  level  version  (level  15.1  was 
chosen)  so  that  the  NASTRAN  program  which  contains  the  flutter  analysis  will 
also  have  all  the  other  basic  capabilities. 


METHOD  IMPLEMENTED 


A modal  flutter  analysis  method  has  been  implemented  in  NASTRAN.  The  set 
of  linear  equations  of  motion  that  must  be  solved  to  determine  the  flutter 
condition  may  be  expressed  in  matrix  notation  in  the  following  form: 
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REPRODUCIBIUTY  OF  THE  ORIGINAL  PAGE  IS  POOR. 


’here 


^ [M]  + I [Q(Mo,k)] 


CK] 


U I = 0 
1^) 


(1) 


M = generalized  structural  mass 
K = generalized  structural  stiffness 

Q = generalized  unsteady  aerodynamic  force  (function  of  Mq  and  k) 
b = reference  length 
Mq  = Mach  nTJinber 
k = reduced  frequency,  btu/v 
V = velocity 

uji  * generalized  modal  coordinate 
p = fluid  density 
A = complex  eigenvalue 

NASTRAN  already  contains  the  capability  of  generating  the  generalized 
|ass  and  stiffness  matrices  required  by  equation  (l)  but  does  not  contain  any 
Internal  aerodynamic  force  capability.  So  one  of  the  major  tasks  was  to  add 
le  required  unsteady  aerodynamics.  Since  an  important  objective  was  to  be 
*ble  to  analyze  the  most  general  aerodynamic  configurations  possible,  the 
ioublet  lattice  unsteady  aerodynamics  method  was  selected  for  inclusion  since 
[his  method  is  applicable  to  a broad  range  of  configurations.  The  flutter 
olution  method  implemented  was  the  k-method  which  is  the  one  most  commonly 
sed  in  flutter  analysis.  A modal  formulation  was  chosen  for  two  reasons.  The 
irst  reason  is  that  this  is  standard  practice;  the  second  reason  is  that  the 
rder  of  the  final  matrix  equations  that  must  be  solved  is  relatively  small, 
le  aerodynamic- structural  interface  is  accomplished  by  the  use  of  one- 
limensiciial  and  surface  spline  functions. 


The  k- Method  of  Solution 

The  k-method  of  flutter  solution  requires  the  repeated  solution  of  equa- 
;lon  (1).  The  aerodynamic  forces  are  functions  of  the  three  parameters, 

iensity,  Mach  number,  and  reduced  frequency.  To  solve  equation  (l)  values  of 
wo  of  the  parameters,  usually  density  and  Mach  number,  are  held  constant,  and 
le  eigenvalue  equation  is  solved  repeatedly  for  different  values  of  reduced 

Irequency.  Ttie  way  equation  (l)  is  developed,  the  damping,  velocity,  and 
requency  of  the  system  can  be  determined  from  the  eigenvalues  by  using  the 
elationships 
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Since  the  flutter  point  is  on  the  boundary  between  stable  (damped)  and  unstable 
(divergent)  sinusoidal  oscillations,  the  flutter  condition  occurs  for  the 
psirticular  combination  of  parameters  that  causes  the  damping  to  equal  zero 
(g  = 0).  The  flutter  velocity  is  usually  determined  by  graphically  plotting 
the  damping  versus  velocity  (g  - V plots)  obtained  for  each  solution  of  the 
eigenvalue  problon.  A number  of  loci,  equal  to  the  order  of  the  problem,  will 
be  obtained.  The  curve  which  crosses  the  g = 0 axis  at  the  lowest  value  of 
velocity  determines  the  critical  flutter  condition.  The  k-method  implemented 
in  BASTRAN  includes  the  generation  of  both  damping  and  frequency  versus  veloc- 
ity plots  (f  - V plots).  Also,  the  capability  is  provided  for  selecting  any 
one  of  the  three  aerodynamic  parameters  as  the  one  to  be  varied. 


Unsteady  Aerodynamic  Theory 

The  unsteadj-  aerodynamic  theory  implemented  in  the  NASTRAN  flutter  analy- 
sis is  the  subsonic  doublet  lattice  method  (ref.  5)»  Of  the  available  proven 
theories,  this  technique  is  probably  the  most  general  in  that  it  can  be  applied 
to  multiple  nonplanar  mutually  interfering  lifting  surfaces  and  can  be  used 
to  calculate  body-lifting  surface  interference  effects.  The  doublet  lattice 
method  adapted  for  NASTRAN  use  is  similar  to  that  described  in  references  h 
and  5*  The  program  described  in  these  references  includes  slender-body  aero- 
dynamics to  calculate  body,  or  fuselage,  forces  but  this  feature  has  not  been 
included  in  NASTRAN  although  the  work  required  to  implement  body  forces  has 
been  determined. 

The  doublet  lattice  method  requires  that  the  aerodynamic  surfaces  be  sub- 
divided into  a grid  of  trapezoidal  boxes.  An  example  box  arrangement  is 
illustrated  in  figure  2.  The  analyst  is  required  to  specify  the  box  arrange- 
ment subject  to  certain  geometric  constraints.  For  example,  two  of  these 
constraints  are  that  the  boxes  must  be  arranged  in  streamwise  coltunns  parallel 
to  the  free  stream  and  that  surface  discontinuities  such  as  fold  lines  must 
lie  on  box  boundaries.  The  geometric  constraints  on  the  box  arrangement  are 
not  severe  and  provide  sufficient  latitude  to  model  adequately  very  general 
configurations.  For  the  unsteady  flow  case,  a spanwise  line  of  acceleration 
potential  doublets  is  placed  at  the  one-quarter- chord  station  of  each  box.  The 
doublets  are  related  to  pressure  and  hence  to  the  force  on  each  box.  An  aero- 
dynamic influence  coefficient  matrix  is  generated  \rtiich  relates  the  force  on 
the  boxes  to  the  downwash  on  the  boxes.  The  force  acts  at  the  one-quarter- 
chord  point  and  the  downwash  point  is  the  three- quarter- chord  point.  Both  of 
these  points  are  at  the  box  midspan  station.  Typical  force  and  downwash 
points  are  shown  in  figure  2.  The  downwash  is  a function  of  the  streamwise 
slope  and  the  vertical  displacement  normal  to  the  boxes.  Each  box  may  be 
thougiit  of  in  the  context  of  being  a finite  element  with  the  degrees  of  freedom 
(deflection  at  one-quarter-chord  point,  and  deflection  and  slope  at  three- 
quarter-chord  point)  defined  at  two  different  points  within  each  box.  In  the 
NASTRAN  flutter  development,  it  was  decided  that  it  would  be  desirable  to  have 
only  one  aerodynamic  grid  point  for  each  box.  The  point  selected  was  the 
center  of  each  box.  A transformation  is  used  to  convert  the  force  and  down- 
wash  at  the  one-quarter  and  three-quarter- chord  points  of  each  box  to  corre- 
sponding forces  and  downwashes  at  the  centers  of  each  box.  Therefore,  there 
is  one  aerodynamic  grid  point  for  each  box. 
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Structural-Aerodynamic  Interface  (Geometry  Interpolation) 

One  of  the  most  significant  features  of  the  NASTRAN  flutter  analysis  is 
the  geometry  interpolation  capability  that  provides  for  the  interconnection  of 
the  aerodynamic  and  structural  models  of  the  system.  Since  a very  general 
capability  is  provided  for  the  structural -aerodynamic  interface,  the  structural 
model  can  be  that  best  suited  from  structural  considerations  alone,  and  the 
choice  of  aerodynamic  model  is  dictated  by  aerodynamic  considerations  alone. 

The  geometry  interpolation  provides  a transformation  from  the  aerodynamxc 
degrees  of  freedom  to  the  structural  degrees  of  freedom.  This  transformation 
is  accomplished  by  the  use  of  one- dimensional  and  surface  spline  furictions. 

(See  refs.  6 and  7*)  The  traditional  one- dimensional  spline  has  been  general- 
ized to  include  torsional  rotations  in  addition  to  bending  deformations.  Since 
these  functions  are  based  on  the  small  deflection  equations  of  infinite  beams 
and  plates,  respectively,  they  are  very  good  for  the  interpolation  of  the 
deformations  of  general  structural  systems.  If  the  structure  is  expected  to 
behave  like  a beam  as  would  be  the  case  for  a high-aspect-ratio  jet  transport 
wing,  the  one-dimensional  spline  would  be  used;  if  the  structure  is  expected 
to  behave  like  a plate,  say  a low-aspect-ratio  wing,  the  surface  spline  would 
be  the  appropriate  choice.  The  use  of  combinations  of  the  two  splines  is 
permissible  and  would  be  applied,  for  example,  to  a complete  aircraft  where 
the  fuselage  had  the  character  of  a beam  and  the  wing  was  expected  to  exhibit 
platelike  behavior. 


Aerodynamic  Force  Interpolation 

The  k-method  type  flutter  solution  requires  the  solution  of  the  flutter 
eigenvalue  problem  many  times  so  that  a relatively  closely  spaced  sequence  of 
points  can  be  determined  to  make  the  g - V plots  since  the  behavior  of  the 
loci  of  roots  on  the  plot  can  often  be  quite  complex  and  lead  to  misinterp’^e- 
tation  of  the  results.  Since  one  of  the  most  expensive  parts  of  a flutter 
analysis  is  the  determination  of  the  unsteady  aerodynamic  forces,  it  is 
desirable  to  actually  calculate  the  aerodynamic  forces  for  a minimvun  number  of 
values  of  the  Independent  aerodynamic  parameter,  Mach  number,  or  reduced  fre- 
quency. Fortunately,  experience  has  shown  that  although  the  behavior  of  the 
solutions  of  the  flutter  equations  as  displayed  on  a g - V diagram  may  be 
complex,  the  variation  of  the  aerodynamic  forces  with  reduced  frequency  or 
Mach  number  is  generally  smooth  and  well  behaved.  Consequently,  it  has  become 
more  or  less  standard  practice  in  aeroelasticity  to  evaluate  the  aerodynamic 
forces  at  a relatively  small  number  of  values  of  the  Independent  variable  and 
Interpolate  to  determine  the  forces  at  additional  values  of  the  Independent 
parameter.  This  interpolation  is  relatively  Inexpensive  when  compared  to  the 
cost  of  actually  calculating  the  aerodynamic  forces  and  results  in  the  loss  of 
very  little  accuracy.  Aerodynamic  force  interpolation  has  been  included  in  the 
NASTBAN  flutter  analysis.  Both  one- dimensional  and  surface  splines  are  used. 

If  the  flutter  calculations  are  limited  to  a constant  Mach  number,  the  linear 
spline  is  used  to  Interpolate  over  a range  of  reduced  frequencies.  If  a set 
of  aeroc^amlc  forces  have  bem  determined  at  two  or  more  Mach  numbers,  the 
surface  spline  is  used  to  Interpolate  to  intervening  Mach  numbers.  Experience 
with  the  one-dimensional  spline  has  shown  that  it  ^s  very  good  for  aerodynamic 


interpolation.  However,  there  are  some  indications  that  the  accuracy  of  the 
surface  spline  technique,  although  it  is  satisfactory,  is  not  as  good  as  the 
linear  spline.  This  is  probably  caused  by  the  fact  that  the  character  of  the 
three-dimensional  behavior  of  the  aerodynamic  forces  is  not  p^.ateli'ke. 


FUJTTER  ANALYSIS  RIGID  FORMAT 


The  assembly  of  the  components  of  the  flutter  analysis  into  a NASTRAN 
rigid  format  (labeled  Rigid  Format  J+5)  required  the  use  of  many  existing 
functional  modules,  the  modification  to  a few  existing  modules,  and  the  devel- 
opment of  six  completely  new  modules.  An  annotated  block  diagram  of  the  new 
rigid  format  is  presented  in  figure  3.  The  structural  analysis  section  is 
essentially  identical  to  existing  Rigid  Format  10  (Modal  Complex  Eigenvalue 
Analysis)  down  to  the  point  of  ccanplex  eigenvalue  analysis.  The  existing 
module  PLOT  was  modified  to  accommodate  plotting  of  the  aerodynamic  geometry. 
Both  undeformed  and  deformed  plots  are  available.  Changes  were  made  to  the 
XYTRAN  and  XYPLOT  modules  for  the  purpose  of  making  g - V and  f - V plots. 
An  upper  Hessenberg  method  of  complex  eigenvalue  extraction  was  added  to 
module  CEAD  since  this  procedure  is  better  suited  to  the  requirements  of 
flutter  analysis  than  the  two  methods  already  available. 

The  completely  new  modules  are  the  Aerodynamic  Pool  Distributor  (AFD), 
Geometry  Interpolation  (gI),  Aerodynamic  Matrix  Generator  (AMG),  Aerodynamic 
Matrix  Processor  (AMP),  Flutter  Analysis  Phase  1 (FAl),  and  Flutter  Analysis 
Phase  2 (FA2).  Module  APD  forms  tables  of  aerodynamic  data,  defines  the 
boundaries  of  the  aerodynamic  elements,  sind  locates  and  orients  displacement 
components  at  aerodynamic  grid,  or  control,  points.  Module  AMG  evaluates  the 
aerodynamic  Influence  coefficient  matrix  at  specified  values  of  Mach  number 
and  reduced  frequency,  and  determines  the  transformations  needed  to  convert 
these  matrices  from  the  points  required  by  the  doublet  lattice  theory  (one- 
quarter  and  three-quarter  box  chord  stations)  to  the  center  of  the  aerodynamic 
boxes.  Module  GI  generates  the  transformations  required  to  give  the  struc- 
tural displacements  at  the  center  of  the  aerodynamic  boxes  in  terms  of  the 
deformations  at  the  structural  grid  points.  The  AMP  module  calculates  the 
generalized  aerodynamic  force  matrices  by  using  the  mode  shapes  determined  in 
the  structural  part  of  the  rigid  format  (READ  module),  the  aerodynamic  matrices 
determined  in  AMG,  and  the  transformation  infoimation  calculated  in  GI.  The 
module  FAl  prq;>8kres  the  modal  matrices  for  complex  eigenvalue  extraction  by 
module  CEAD.  Also,  the  interpolation  of  the  aerodynamic  forces  is  carried  out 
in  this  module,  if  a solution  is  required  for  a combination  of  parameters  for 
which  the  generalized  aero^mamic  matrices  were  not  determined  previously. 

The  module  FA2  gathers  data  for  reduction  and  presei^tation.  For  example,  the 
velocity  and  frequency  are  determined  from  the  eigenvalues  calcu** ' ted  by  CEAD, 
and  a line  of  printer  output  is  prepared  for  each  loop  throu^  the  flutter 
solution.  The  three  modules  FAl,  CEAD,  and  FA2  are  in  a loop  within  the  rigid 
format.  This  loop  is  repeated  until  solutions  have  been  obtained  for  all  the 
reduced  frequencies,  Mach  numbers,  and  densities  requested. 
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PBELIMINARY  APPLICATIONS 


The  NASTRAN  flutter  analysis  has  been  applied  to  some  simple  geometric 
configurations.  The  results  of  three  of  these  applications,  a bearalike  wing, 
a platelike  wing,  and  a platelike  wing  with  a folded  tip,  are  presented  in 
this  section.  The  NASTRAN  recults  are  compared  with  other  available  analytical 
results  and  experimental  data.  Some  discussion  of  the  features  of  the  NASTRAN 
analysis  is  included  with  the  discussion  of  the  applications. 

The  first  application  is  the  15*  swept  wing  shown  in  figure  4.  Additional 
information  concerning  this  wing  may  be  found  in  references  8 and  9-  This 
model  was  essentially  a swept  beam,  and  the  NASTRAN  structural  model  used 
consisted  of  10  BAR  elements  as  shown  in  the  figure.  The  aerodynamic  model 
consisted  of  24  boxes  arranged  in  six  spanwise  divisions  of  four  chordwise 
boxes  each.  Unlike  the  requirements  of  the  structural  part  of  NASTRAN  where 
the  coordinates  of  each  structural  grid  point  are  required  input,  a large 
number  of  aerodynamic  boxes  (and  aerodynamic  grid  points  which  are  located  at 
the  center  of  each  box)  are  generated  from  a minimum  amount  of  information. 

The  aerodynamic  boxes  are  assembled  into  panels,  or  groups,  where  each  panel 
contains  several  boxes.  For  the  beam  example,  all  of  the  boxes  belonged  to  a 
single  panel.  Only  a single  bulk  data  card  (actually  a parent  card  plus  one 
continuation  card)  was  required  to  define  the  aerodynamic  boxes  for  this 
exaaple.  For  each  group,  the  only  information  required  is  the  coordinates  of 
the  inboard  and  outboard  leading-edge  corners  of  the  panel  (points  marked  "a” 
and  "b”  in  the  fig.),  tie  inboard  and  outboard  chords  (indicated  by  C]^  and 
C2  in  the  fig.),  the  number  of  chordwise  boxes,  and  the  niunber  of  spanwise 
boxes  if  the  boxes  are  to  be  equally  spaced.  If  the  boxes  are  not  to  be 
equally  spaced,  then  the  desired  spacing  is  provided  in  terms  of  fraction  chord 
and  spem  divisions.  The  boxes  for  this  example  are  equally  spaced.  Also,  note 
that  different  coordinate  systems  were  used  to  define  the  structural  and  aero- 
dynamic models.  A one-dimensional  spline  function  was  used  for  interpolation 
in  this  example.  Presented  in  figure  5 are  the  results  of  the  NASTRAN  calcula- 
tions for  this  wing  at  a Mach  number  of  0.45  and  a density  of  I.I85  kg/m5. 

Three  modes  were  used  in  the  analysis.  The  results  are  presented  in  the  form 
of  a g - V plot  where  only  the  critical  root  is  shown.  The  circle  symbols 
indicate  the  calculated  points.  The  calculated  flutter  speed  is  determined  by 
the  point  at  which  the  line  faired  through  the  symbols  crosses  the  g « 0 
axis.  Indicated  on  the  figure,  in  addition  to  the  NASTRAN  result,  are  the 
experimental  flutter  result  from  refereitce  8 and  the  calculated  flutter  result 
from  reference  9 which  were  obtained  using  linearized  lifting- surface  theory. 
The  NASTRAN  calculated  velocity  is  in  good  agreement  with  the  experimental 
value.  The  calculated  flutter  speed  from  reference  9 about  5 percent  lower 
than  the  NASTRAN  calculated  value.  The  agreement  with  respect  to  flutter 
frequency  is  not  so  good. 

The  wing  geometry,  structural  model,  smd  aerodynamic  model  for  the  plate- 
like  wing  are  presented  in  figure  6.  Copies  of  NASTRAN  computer-generated 
plots  of  the  structural  and  aerodynasiic  models  are  presented  in  figure  7.  The 
structural  model  consisted  of  36  quadrilateral  plate  elements  (QUAD2);  the 
aerodynamic  model  consisted  of  50  boxes,  10  spanwise  divisions  of  unequal 
spacing,  and  five  equally  spaced  chordwise  boxes.  As  was  done  for  the  beam 
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model,  the  entire  v.' ; • made  ui5  a single  aerodynamic  panel.  The  surface  spline 
was  used  to  perfr’tr  .''.e  required  structural-aerodynamic  interface  for  this 
example.  The  ce‘  ^*ed  g - V curve  is  presented  in  figure  8,  and  only  the 

critical  locus  'nts  is  shown.  These  results  are  for  s.  Macn  nianber  of  0.80 

and  a density  - • .'  00  kg/cu  m.  Four  modes  were  used  in  the  o-naiysis.  The 

solid  syml.ri.'  ;•  ’;„*ate  calculated  values  for  which  the  generalized  aerodynamic 
forces  we"  . ; . : .iated.  The  open  symbols  indicate  results  obtained  by  using 

interpola:  ; -yireralized  aerodynamic  forces.  The  calculated  and  interpolated 
results  to  lie  on  the  same  curve  and  could  not  be  distinguished  from  one 

another  had  not  different  symbols  been  used.  Tabulated  on  the  figure  are  tht, 
N/.STRAN  ( aiculated  flutter  speed  and  frequt.icy,  and  some  unpublished  analytical 
results,  .'ilso  included  in  the  table  are  some  NASTRAN  calculated  results  for 
an  aerodynamic  model  that  had  eight  equally  spaced  chordwise  boxes  and  the 
same  spanwise  arrangement  shown  in  figure  6 for  the  50-box  case.  The  unpub- 
lished analytical  results  were  obtained  by  using  a doublet  lattice  computer 
program  similar.,  but  not  identical,  to  the  one  modified  for  NASTRAN  use.  The 
surface  spline  was  also  used  for  the  structural-aerodynamic  interface  in 
obtaining  the  unpublished  result.  The  experimentally  determined  model  natural 
frequencies  were  used  to  determine  the  generalized  stiffnesses  used  in  the 
unpublished  results.  Since  the  measured  frequencies  did  noc  agree  precisely 
with  the  calculated  frequencies,  some  of  the  7 -percent  difference  between  the 
two  results  may  be  attributed  to  this  frequency  difference.  However,  the 
results  are  still  in  good  agreement.  The  two  NASTRAN  calculations  gave 
essentially  the  same  results. 

The  final  application  to  be  discussed  is  a platelike  wing  with  a folded 
tip.  A photograph  of  this  model  is  presented  in  figure  &nd  the  geometry, 
structural  model,  and  aerodynamic  model  are  presented  in  figure  10.  The  tip 
fin  is  inclined  with  respect  to  the  wing  by  6o*.  Copies  of  NASTRAN  generated 
counter  plots  of  the  structural  and  aerodynamic  elements  are  presented  in 
figure  II.  The  wing  portion  of  this  model  was  the  same  as  the  platelike  wing 
previously  discussed,  and  this  portion  was  modeled  in  the  same  fashion  as  the 
plate  wing  (36  QUAD2  structur.,1  elements  and  50  aerodynamic  bores  comprising 
one  aerodynamic  panel).  An  cuiditiorjil  6o  QUAD2  structural  elements  were  used 
to  model  the  folded  tip.  The  folded  tip  was  a separate  aerodynamic  panel  and 
was  cotDposed  of  a total  of  50  boxes  that  were  arranged  into  five  equal  chord- 
wise  divisions  and  10  unequal  spanwise  divisions  as  indicated  in  the  figure. 

One  provision  provided  by  the  program  is  that  there  may  or  may  not  be  aero- 
dynamic interference,  or  coupling,  between  boxes  located  in  different  panels, 
or  groups,  dq>ending  on  the  user  to  make  the  selection.  This  f-'ature  allows 
for  the  cession  of  coupling  when  it  is  known  to  be  unimportant  and  thereby 
reduces  the  time  required  to  compute  the  aerodynamic  matrices,  or  allows  for 
the  independent  Investigation  of  aerodynamic  interference  effects.  In  the 
present  exanqole,  aerodynamic  coupling  between  the  wing  panel  and  the  tip  panel 
was  included.  The  surface  spline  option  was  used  to  perforo  the  required 
aerodynamic- structured  interface.  Four  different  spline  functions  were  used, 
two  for  each  aerodynamic  panel.  The  i:.t.erpolation  for  the  25  inboard  wing 
aeiodynasde  boxes  used  one  spline  function,  and  the  25  outboard  boxes  used 
another  spline  function.  The  same  type  of  arrangement  was  used  for  the  tip 
fin.  Since  the  analyst  specifies  the  structural  grid  noints  that  are  to  be 
used  for  Interpolating  for  each  aerodynamic  box,  it  is  not  necessary  that  a 
single  spline  function  be  used  for  each  aerodyn^c  panel. 


The  results  of  NASTRAN  calculations  for  a Mach  nuniber  of  O.9O  and  a 
density  of  O.86I  kg/m^  are  presented  in  figure  12  in  the  form  of  the  g - V 
plot  for  the  critical  eigenvalue.  Four  modes  were  used  in  this  analysis.  The 
data  obtained  by  using  calculated  generalized  aerodynamic  forces  are  indicated 
by  the  solid  synbols  in  the  figure,  and  the  results  using  interpolated  general- 
ized aerodynamic  forces  are  indicated  by  the  open  symbols.  The  comparison  of 
the  results  using  calculated  generalized  aerodynamic  forces  with  those  obtained 
using  interpolated  forces  indicates  that  they  all  lie  on  the  same  g - V curve. 
Also  tabulated  on  the  figure  are  an  unpublished  calculated  result  and  an  unpub- 
lished wind-tunnel  experimental  result.  The  unpublished  calculated  result  was 
obtained  in  a fashion  similar  to  that  previously  described  for  the  platelike 
wing  example.  The  two  calculated  results  are  in  good  agreement  with  respect 
to  both  flutter  velocity  and  frequency.  The  experimental  flutter  velocity  is 
about  9 percent  lower  than  the  hASTRAN  calculated  value.  Both  calculated 
flutter  frequencies  are  somewhat  higher  than  the  experimental  frequency. 

In  discussing  these  three  applications,  some  mention  has  been  made  of  the 
simplicity  of  the  input  data  requirements  associated  with  the  aerodynamics 
portion  of  the  NASTRAN  program.  This  point  is  somewhat  dramatically  indicated 
by  the  fact  that  for  the  wing  with  tip  fin  case,  of  a total  of  401  bulk  data 
cards  used,  only  28  were  directly  associated  with  the  aerodynamics  or  flutter 
solution. 

Since  the  NASTRAN  flutter  analysis  is  relatively  new,  its  efficiency  has 
not  been  fully  evaluated  nor  have  all  of  its  potential  options  been  exercised. 
However,  it  is  of  interest  to  examine  some  of  the  central  processing  unit  (CKJ) 
computer  times  required  by  some  of  the  individual  functional  modules  for  u 
program  execution.  Presented  in  figure  13  is  a listing  of  CPU  times  for  the 
CDC  *1600  computer  obtained  for  the  wing  with  the  folded  tip  fin.  In  this  case, 
five  modes  %rere  calculated  by  the  real  eigenvalue  module,  and  the  four  lowest 
modes  were  used  in  the  flutter  analysis.  The  generalized  aerodynamic  forces 
were  determined  at  three  values  of  reduced  frequency  and  interpolated  to  two 
additional  values  so  the  flutter  eigenvalue  problem  was  solved  five  times. 
Additional  information  describing  this  example  is  shown  on  the  figure.  Also 
included  on  the  figure  are  the  total  CHJ  time,  the  peripheral  processor  time 
(CPU),  and  calls  to  the  operating  system  (O/S  calls). 


CONCUUDIRS  REMARKS 


A subsonic  flutter  analysis  capability  has  been  developed  for  NASTRAN. 
This  flutter  analysis  is  of  the  modal  type,  uses  doublet  lattice  unsteady 
aero^niamie  forces,  and  solves  the  flutter  equations  by  using  the  k-method. 
One- dimensional  and  surface  spline  functions  are  used  to  transform  from  aero- 
dynamic degrees  of  freedom  to  structural  degrees  of  freedom.  This  capability 
has  been  incorporated  into  a version  of  NASTRAN,  and  this  version  has  been 
installed  on  the  CDC  6OOO  series  computers  at  the  Langley  Research  Center. 
This  version  is  in  a developmental  stage  and  is  not  now  available  for  general 
release.  In  this  paper,  a general  description  of  the  new  flutter  analysis 
rigid  format  las  been  presented.  Results  of  some  preliminary  applications  of 
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the  NASTRAN  flutter  analysis  to  a heamlike  wing,  a platelike  wing,  and  a plate- 
like wing  with  a folded  tip  have  been  presented,  and  these  results  compared 
with  existing  experimental  and  analytical  results. 
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Figure  2.—  Sample  arrangement  of  doublet  lattice  aerodynamic  boxes. 
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Flutter  Analysis  Phase  2 
FA2 

— — ~<rMore  cases?^ 


New  module,  gathers  flu^  ter  results 
for  reduction  and  presentation. 


XYTKAN,  XYPLOT 


Modified  modules,  g-V  and  f-V  plots. 


Data  Recovery 
DDRl,  SDRI,  S0R2 


Existing  modules,  transforms  results 
to  physical  coordinates,  determines 
forces  and  stresses. 


Deformed  Plots 
PLOT 


Modified  module,  plots  flutter  mode 
shapes. 


Figure  5*—  Block  diagram  of  flutter  analysis  rigid  format. 
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Figure  6.—  Geometry,  structural  modeling,  and  aerodynamic  modeling  of  platelilre  wing.  (All 

linear  dimensions  are  in  centimeters. ) 
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Figure  9-  — Photograph  of  platelike  wing  with  folded  tip  fin 
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CRACKED  FINITE  ELEMENTS  P^^.OPOSED  FOR  NASTRAN 

3y  J,  A.  Aberson,  The  Lockheed-Georgia  Company 
and  J.  M.  Anderson,  Georgia  Institute  of  Technology 


SUMMARY 


The  recent  introduction  of  special  crack-tip  singularity  elements, 
usually  referred  to  as  cracked  elements,  has  brought  the  power  and  flexibility 
of  the  finite-element  method  to  bear  much  more  effectively  on  fracture  mechan- 
ics problems.  This  paper  recalls  the  development  of  two  cracked  elements  and 
presents  the  results  of  some  applications  proving  their  accuracy  and  economy. 
Judging  from  the  available  literature  on  numerical  methods  in  fracture  mechan- 
ics, it  seems  clear  that  the  elements  described  have  been  used  more  extensive- 
ly than  any  others  in  practical  fracture  mechanics  applications. 


INTRODUCTION 


The  study  of  crack  growth  behavior  by  classical  continuxim  linear  fracture 
mechanics  has  been  limited  primarily  to  simple  structural  configurations  and 
loadings.  Because  of  the  ease  with  which  the  finite-element  method  handles 
discontinuous  loads  and  boundary  conditions,  attempts  have  been  made  to  use 
this  method  to  study  fracture  in  complex  structures.  The  capability  of  con- 
ventional elements  and  conventional  modeling  procedures  to  predict  crack-tip 
parameters  accurately  has  been  found  to  be  limited  and  uneconomical.  The  most 
significant  and  accurate  results  obtained  through  use  of  standard  methods  are 
those  which  follow  the  work  reported  by  Chan  et.  al.  (ref.  1)  and  Kobayashi 
et.  al. (ref.  2).  The  method  followed  by  Kobayashi,  for  example,  is  to  use  the 
crack -opening  displacements  to  solve  a sequence  of  two  simultaneous  equations 
relating  displacements  to  the  two  stress-intensity  factors,  Kj  and  Kj^,for  the 
opening  and  sliding  fracture  modes,  respectively.  These  results  are  then  in- 
terpreted or  extrapolated  to  predict  values  at  the  crack  tip.  The  difficulty 
in  applying  this  approach  lies  in  trying  to  accurately  depict  the  extreme 
stress  gradient  existing  in  the  near  vicinity  of  a crack  tip.  The  detail  re- 
quired for  a model  to  reasonably  characterize  this  gradient  makes  the  proce- 
dure expensive  and  cumbersome.  For  example,  Oglesby  and  Lomacky  (ref.  3)  in- 
dicate that  the  maximum  permissible  element  size  necessary  to  Insure  acceptable 
accuracy  in  the  conqputed  stress-intensity  factors  is  of  the  order  of  l/300th 
of  the  crack  half-length.  To  achieve  detail  of  this  order,  substructure 
analyses  have  usually  been  used.  That  is,  a coarse  model  is  first  analyzed  to 
obtain  boundary  conditions  which  are  then  iit^osed  on  a more  refined  local 
model  of  the  crack  region.  In  some  Instances  results  from  the  second  model 
have  been  used  to  analyze  a third  and  even  more  finely  modeled  localized  region 
of  the  crack  tip.  Obviously,  considerable  modeling  and  computer  efforts  are 
necessary  to  carry  out  such  analyses. 
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Anot-her  approach,  which  is  similar  to  that  us^d  by  Chan  and  Kobayashi,  is 
a combination  of  finite-element  and  boundary-collocation  analyses.  In  this 
method,  displacements  and  stresses  from  a conventional  finite  element  model  - 
which  may  or  may  not  contain  some  representation  of  a crack  - are  used  as 
boundary  points  in  a boundary  collocation  solution  for  the  crack.  This  is  the 
procedure  followed  by  Freese  and  Kaldjian  (ref.  4),  for  example.  The  disadvan- 
tage of  this  combined  approach  is  that  it  is  not  easily  applicable  since  con- 
siderable experience  in  fracture  analysis  and  complex  variables  is  required  to 
obtain  consistently  accurate  results. 

In  an  attempt  to  circvtmvent  the  economic  problem  of  the  conventional 
approach  and  the  applicability  problem  of  the  combined  approach,  research  and 
development  efforts  have  been  turned  toward  formulating  elements  which  are 
capable  of  characterizing  the  crack- tip  stress  singularity  internally.  These 
singularity  elements  - cracked  finite  elements  - provide  a new  means  for  com- 
puting stress-intensity  factors  and  thereby  predicting  crack  growth.  Two  such 
elements  have  been  developed  and  implemented  at  the  Lockheed-Georgia  Company. 
These  elements  have  received  extensive  usage  in  project  and  contract  work  and 
have  provided  considerable  substantiation  of  the  accuracy  of  the  approach  used 
in  their  formulation.  A description  of  the  formulation  and  implementation  of 
these  elements  follows. 


TECHNICAL  DEVELOPMENT 


The  Williams*  series  of  stress  functions  (refs.  5 and  6)*  is  the  basis 
for  all  boundary  collocation  and  cracked  finite-element  schemes  to  estimate 
stress-intensity  factors.  This  series  gives  the  following  familiar  expressions 
for  the  in-plane  stresses  for  the  plane  crack  problem  illustrated  in  figure  1. 


X 4 ' {®n  cos  l)  0 + f(n)(n-6)  cos  - l )0j 

n=l 

+ j^g(n)(n+2)  sin  0 - (n-6)  sin  (j  - lyQj} 

^ 4 ('*<■2)  ["cos  6 - f(n)  cos 

n»l 

+ a^  j -g(n)  sin  0 + sin  - ^)®]}  (1) 

* An  error  in  reference  5 was  subsequently  corrected  by  Williams  in 
reference  6. 
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The  independent  constants  associated  with  the  symmetric  (even  in  0)  and  anti- 
symmetric (odd  in  0)  parts  of  the  Williams'  series  have  been  denoted  in  equa- 
tion (1)  by  s^  and  a^,  respectively.  Even  though  an  expression  for  the  second 

antisymmetric  term  has  been  formally  written,  it  should  be  noted  before  pro- 
ceeding that  it  never  contributes  to  any  of  the  stresses.  Thus  in  the  usual 
finite-element  description,  S2  is  not  a legitimate  generalized  coordinate. 

-1/2 

The  leading  terms  in  equation  (1)  are  singular  like  r ; all  subsequent 
terms  are  nonsingular.  The  coefficients  s^  and  a^  are  related  to  the  opening 

and  sliding  mode  stress-intensity  factors  and  by  the  following  formulas; 


•4 


(r,0) 


r**0 


3 8jl 


(3) 


The  strains  corresponding  to  the  stresses  in  equation  (1)  are  obtained  through 
Hooke's  law.  The  strain-displacement  equations  in  plane  polar  coordinates  can 
then  be  Integrated  for  the  radial  and  tangential  displacement  components  u^  (r,6) 

and  Uq  (r,0),  respectively.  See,  for  example,  reference  7 and  the  subsequent 

correction.  The  resulting  displacement  components  are 
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in  which  F,  H,  and  K are  rigid-body  displacement  parameters  and  G is  the  shear 
modulus.  The  dimensionless  elastic  constant  a is  given  by 

(for  plane  strain) 

(for  plane  stress) 

where  v is  Poisson's  ratio. 

Most  cracked  finite  elements  developed  to  date  (c.f.  refs.  8-11)  incorpo- 
rate only  the  leading  syvmetrlc  terms  in  equations  (1)  and  (4).  Creager,  at  the 
Lockheed-Callfornia  Comp'^ny  in  1970,  attempted  to  Include  subsequent  terms  in 
the  Williams'  series  out  was  unsuccessful  due  to  Inadequate  element  geometry. 
This  was  successfully  accomplished  by  Wilson  (ref.  12)  with  a symmetric  ele- 
ment, which  makes  use  of  the  first  four  terms.  Wilson's  element,  however,  has 
the  disadvantage  of  being  semicircular  and,  hence,  is  awkward  to  use  in  con- 
junction with  conventional  elements  which  almost  always  have  straight  bound- 
aries. Moreover,  the  Wilson  element  (as  well  as  some  others  previously 
referenced)  has  fewer  degrees  of  freedom  than  are  needed  for  independence  of 
the  nodal  displacements.  At  best  this  requires  that  the  stiffness  matrix  of 
the  cracked  element  receive  special  attention  in  fomlng  the  stiffness  matrix 
of  the  assembly. 

At  Lockheed-Georgia,  the  decision  was  made  at  the  outset  to  develop  a 
cracked  finite  element  that  is  a high-order  element  in  that  it 
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(i)  incorporates  many  of  the  terms  in  the  Williams*  series; 

(ii)  has  a perfect  balance  between  actual  degrees  of  freedom  and  number 
of  nodal  displacements;  and 

(iii)  has  a convenient  shape  for  interfacing  with  conventional  elements. 

The  first  feature  permits  accurate  estimates  of  stress-intensity  factors 
with  relatively  coarse  finite-element  grids,  while  the  second  and  third  fea- 
tures allow  the  numerical  analyst  to  add  the  cracked  element  to  an  assembly 
in  the  same  way  that  he  adds  a conventional  element. 

Because  many  fracture  mechanics  problems  are  symmetric  about  the  plane  of 
the  crack,  two  elements  were  developed  at  Lockheed-Georgia,  One  takes  only 
the  symmetric  terras  in  the  Williams*  series  and,  hence,  is  applicable  only  to 
symmetric  problems  (Kjx  * 0) ; the  other  makes  use  of  both  symmetric  and  anti- 
symmetric terms  and  is  applicable  to  unsymmetric  or  mixed  mode  (Kj  and  Kn) 
problems. 


Plane-Deformation  Symmetric  Element 

Figure  2 shows  the  eight-node-syrametric  element.  The  elemental  coordinate 
system  has  its  origin  at  the  crack  tip.  The  element  is  rectangular  with  a 
three- to-one  aspect  ratio.  Placement  of  the  nodes  relative  to  the  rectangle  is 
pre-determined  with  a node  at  each  corner  plus  nodes  at  the  one-third  points 
of  each  of  the  long  sides.  The  choice  of  the  symmetric  element’s  shape  - three 
equal  squares  - was  considered  convenient  since  the  use  of  regular  mesh  spac- 
ings  is  common  in  finite-element  models.  This  geometry  has  also  proven  to  be 
effective  when  used  with  constant-strain  triangles.  The  lower  side  (nodes  6, 

7,  8,  and  1)  is  coincident  with  the  crack  direction  and  presumed  axis  of  sym- 
metry. Nodes  6 and  7 are  on  the  free  crack  face.  Nodes  8 and  1 are  on  the 
prolongation  of  the  crack.  They  are  constrained  rigidly  as  to  vertical  dis- 
placement and  are  free  of  shear  forces  - conditions  consistent  with  symmetry. 

The  element  has  sixteen  displacement  degrees  of  freedom  - two  per  node 
corresponding  to  the  in-plane  displacement  components.  Thus,  in  keeping  with 
feature  (li)  mentioned  previously,  it  incorporates  the  first  thirteen  s>mmet- 
ric  terms  of  the  Williams'  series  plus  the  three  displacement  degrees  of  free- 
dom associated  with  rigid-body  displacement  in  the  plane.  In  the  following, 
the  thirteen  Williams'  coefficients  and  the  three  rigid-body  parameters  are 
referred  to  as  the  sixteen  generalized  coordinates  of  the  element.  The 
stresses  and  displacements  corresponding  to  these  sixteen  generalized  coordin- 
ates are  evaluated  on  the  boundary  of  the  element.  Products  of  .'tress  and  dis- 
placement contributing  to  boundary  work  are  formed  and  integrated.  The  result 
is  a homogeneous  quadratic  form  in  the  generalized  coordinates,  and  the  co- 
efficient of  each  term  is  an  element  of  the  cracked  element's  stiffness  matrix 
with  resp'  t to  the  generalized  coordinates. 

Once  the  stiffness  matrix  relative  to  generalized  coordinates  is  deter- 
mined, the  stiffness  matrix  relative  to  nodal  displacements  is  formed  using 
equation  (4). 


To  date  this  element  has  not  failed  to  substantiate  any  reliable  stress- 
intensity  factor  to  within  2%  difference.  And  more  often  than  not,  this  was 
accomplished  with  a relatively  coarse  finite-element  grid.  Results  obtained 
with  the  symmetric  element  will  be  discussed  later  in  the  section  "Applications." 


Plane-Deformation  Unsymmetric  Element 

The  ten-node  unsymmetric  element  is  shown  in  figure  3.  The  element  is 
square  with  equally  spaced  nodes  around  its  boundary.  As  before,  the  shape 
(4  equal  squares)  and  relative  location  of  the  nodes  are  fixed,  and  were 
chosen  to  provide  modeling  convenience.  Again,  the  actual  size  of  the  element 
and  its  elastic  constants  dictated  by  the  particular  application  are  input 
parameters.  The  generalized  coordinates  correspond  to  the  first  nine  symmet- 
ric terms  and  first  eight  antisymmetric  terms  of  the  Williams'  series  plus  the 
three  rigid-body  displacement  parameters.  The  stiffness  matrix  was  again 
generated  by  Integration  around  the  boundary. 

Results  obtained  with  this  element  are  presented  in  the  following  section. 
Although  sufficient,  the  accuracy  obtained  with  this  unsymmetric  element  is 
not  as  Impressive  as  that  obtained  with  the  symmetric  element  previously  dis- 
cussed. This  Is  understandable  in  light  of  the  fact  that  the  unsymmetric  ele- 
ment has  fewer  degrees  of  freedom  that  it  can  bring  to  bear  on  each  mode.  Of 
course,  it  can  be  used  in  a much  wider  class  of  crack  problems  and  is  more 
practical  for  industrial  applications.  In  the  following  section  some  examples 
are  given  \diich  show  the  accuracy  and  applicabilities  of  both  the  symmetric 
and  unsymmetric  elements. 


APPLICATIONS 


To  illustrate  the  capabilities  of  the  two  elements,  four  examples  of  their 
usage  follow.  These  examples  were  chosen  to  demonstrate  first,  the  accuracy 
and  econcmy  of  the  elements  and  second,  the  capacities  of  the  elements  to  per- 
form analyses  for  structural  configurations  of  practical  importance.  The  four 
cases  are  drawn  from  a wide  range  of  work  involving  use  of  the  cracked  ele- 
ments and  represent  typical  rather  than  most  favorable  results. 

The  cracked  elements  are  implemented  in  a standard  single-precision 
finite-element  displacement -method  program  which  employs  a banded  Cholesky 
decomposition  solution  procedure.  This  program, which  operates  on  a Univac 
1106  computer,  was  used  for  all  four  examples. 


Case  1:  Symmetric-Element  Test  Case 

This  example,  shown  on  figure  4,  was  one  of  the  first  analyzed  with  the 
symmetric  element.  However,  it  exhibits  the  degree  of  accuracy  which  has  been 
consistently  achieved  in  numerous  subsequent  problems.  The  finite-element 
model  has  31  nodes,  35  constant -strain  triangles,  and  1 eight-node  cracked 
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element.  The  three  configurations  of  single-edge  crack,  double-edge  crack 
and  center  crack  were  all  individually  analyzed  with  this  one  model  for  an 
a/w  ratio  of  1/3.  The  model  grid,  which  is  quite  coarse,  results  in  the 
single-edge  crack  model  having  57  displacement  degrees  of  freedom  (DOF)  while 
the  double-edge  and  center  models  have  51  DOF  each.  Comparisons  of  the 
stress-intensity  factors  computed  using  these  configurations  with  ASTM  values 
are  shown  on  figure  4.  The  accuracy  of  the  finite-element  predictions  are 
impressive  (<  1.57o  error)  for  all  three  cases.  Computer  time  to  perform  each 
analysis  was  3 to  4 seconds. 

Subsequent  work  with  this  finite-element  model  and  others  like  it  showed 
comparable  results,  with  refinements  in  the  grid  bringing  steady  convergence 
toward  ASTM  values. 


Case  2:  Symmetric  Cracked  Hole 

The  symmetric  problem  depicted  in  figure  5 was  analyzed  in  order  to  assess 
the  accuracy  of  the  formula 


V — ft 

I ""Bowie 


, , a ./na 
Isida 


(5) 


which  is  routinely  used  to  estimate  stress-intensity  factors  for  this  geometry. 
In  equation  (5)  and  are  the  correction  factors,  respectively, 

associated  with  Bowie’s  (ref.  13)  analysis  for  the  presence  of  the  hole  and 
Isida' s (ref.  14)  analysis  for  the  finite-width  effect.  The  finite-element 
grid  as  shown  in  figure  5 was  established  (i)  to  permit  the  location  of  the 
cracked  element  to  be  easily  changed  to  simulate  growth  of  the  symmetric 
crack,  and  (ii)  to  permit  the  width  of  the  plate  to  be  readily  chauged  by  re- 
moving columns  of  constant-strain  triangular  elements  from  the  right  edge.  The 
stress-intensity  factors  computed  in  this  parametric  study  are  listed  in 
table  1.  An  important  conclusion  to  be  drawn  from  these  results  is  that  the 
value  predicted  by  equation  (5)  seems  adequate  for  short  cracks,  but  becomes 
quite  Inaccurate  and  nonconservative  as  the  crack  grows  long. 

Such  parametric  analyses  are  of  practical  value,  however,  only  if  they 
can  be  quickly  and  economically  accomplished.  The  use  of  the  symmetric  crack- 
ed element  made  it  possible  for  a relatively  coarse  model  (figure  5)  to  give 
accurate  answers.  The  analysis  of  this  coarse  model  required  28  000  words  of 
computer  storage  and  approximately  20  seconds  of  computer  time.  The  total 
study,  which  Includes  model  conception,  data  input,  and  21  separate 
analyses, required  less  than  1 man-day  of  engineering  effort  and  7 minutes  of 
computer  time.  Subsequent  studies  of  other  parameters,  e.g,  fastener  loads 
or  fastener  interference,  could  now  oe  accomplished  with  even  less  effort 
since  the  model  can  be  saved  and  reused. 

In  general,  the  computer  times  and  storage  cited  above  are  economical, 
and,  in  addition,  are  well  within  the  operational  limits  of  most  remote  access 
or  time-sharing  computer  facilities.  This  economy  and  ready  availability  in  a 
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remote  access  mode  (Univac  DEMAND)  have  resulted  in  widespread  application  of 
cracked  elements  at  the  Lockheed-Georgia  Company  in  studies  such  as  the  one 
described  above. 


Case  3:  Pin-Loaded  Lug 

The  structural  mender  shown  on  figure  6 is  a lug  and  occurs  frequently  in 
aerospace  structures  The  lug's  lack  of  geometric  symmetry  greatly  hampers 
the  use  of  approximate  methods  to  adequately  estimate  its  stress-intensity 
factors  Kj  and  Kxi  when  a crack  appears.  Such  cracked  geometry  is  easily 
handled,  however,  with  the  unsymmetric  cracked  element.  The  lug  and  the  pin 
loading  it  are  modeled  with  constant -strain  triangles  and  a cracked  element  as 
shown  on  figure  7.  The  unsymmetric  cracked  element  is  shown  in  its  initial 
position.  As  in  the  previous  example,  the  model  grid  was  constructed  to  per- 
mit the  position  of  the  cracked  element  to  be  easily  changed  to  simulate  the 
growth  of  the  crack.  Results  of  the  analyses  are  given  in  Table  2.  The  small 
value  of  Kii  relative  to  Kj  for  the  Initial  position  indicates  that  the  be- 
havior of  the  crack  is  primarily  mode  I or  opening  mode  from  the  beginning. 
Figure  8 depicts  the  mode  I behavior  as  the  crack  progresses  from  the  hole  to 
the  outer  edge. 

This  analysis,  which  is  considered  to  be  in  error  by  less  than  3 percent, 
was  accomplished  at  the  cost  of  1 man-day  and  4 minutes  of  computer  time  in 
35  000  words  of  computer  storage. 


Case  4:  45-Degree  Slanted  Crack  Test  Specimen 

This  last  example  demonstrates  the  use  of  cracked  elements  to  calibrate 
test  configurations  for  accurate  reduction  of  test  data.  The  specimen  shown 
by  figure  9 contained  an  Initial  45*^  center  crack,  and  was  subjected  to  a 
constant-amplitude  tension-tension  load.  The  maximum  tension  to  minimum 
tension  ratio  was  0.1.  The  specimen  was  modeled  with  constant- strain  trian- 
gles and  an  unsymmetric  cracked  element  as  shown  by  figure  10,  The  path  taken 
by  the  crack  during  the  cyclic  test  was  simply  traced  on  the  finite-element 
model.  The  center  section  of  the  model  was  reconstructed  seven  times  to  ac- 
comodate the  cracked  elements  for  dimensionless  projected  crack  lengths  X » 
a/w  of  0.3,  0.35,  0.4,  0.5,  0.6,  0.7,  and  0.8.  The  steel  loading  pins  for  the 
test  were  modeled  by  spring  elements  spread  over  the  approximate  bearing  sur- 
faces as  shown. 

The  results  from  the  analyses  of  this  model  are  shown  on  figure  11.  The 
curves  on  figure  11  are  considered  accurate  within  2 percent.  These  results 
show  an  interesting  and  potentially  significant  feature  not  found  in  similar 
work  reported  by  lida  and  Kobayashi  (ref.  15).  For  0.5  £ X ^ 0.75  the  mode  1 
stress-intensity  factor  Kx  is  greater  than  Kx  for  a straight  crack  of  the  same 
projected  length.  This  increase  in  Kx  (the  "hump"  in  figure  11)  occurs  when 
Kii  goes  to  zero  and  could  easily  account  for  the  increased  crack-growth  rates 
observed  for  this  type  of  specimen.  However,  the  significant  point  to  this 
analysis  is  that  an  accurate  knowledge  of  Kx  and  Kxx  for  test  articles  permits 
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a concise  reduction  of  crack -growth- rate  data  for  later  design  usage. 

Tlie  analysis  of  this  case  required  approximately  80  seconds  of  computer 
time  for  each  configuration.  The  total  for  all  seven  configurations,  including 
data  input  and  modifications,  was  9.4  minutes. 


CONCLUSIONS 


The  incorporation  into  NASTRAN  and  other  finite  element  codes  of  cracked 
elements  appears  to  be  both  a timely  and  practical  effort,  for  there  is  a grow- 
ing concern  among  those  involved  in  aerospace  design  with  being  able  to  per- 
form reliable  fracture  analyses  of  damaged  or  flawed  structures.  This  concern 
arises  partly  from  anticipation  of  difficulties  of  meeting  certain  design 
"fracture  criteria"  imposed  by  procuring  agencies  for  new  aerospace  vehicles 
and  partly  from  recent  experiences  with  existing  airplanes.  For  whatever 
reasons,  the  fact  is  that  fracture  mechanics  and  fracture  analyses  have  become 
significant  and  necessary  steps  in  the  design  and  modifications  of  aerospace 
structures.  Thus,  there  is  a pressing  need  for  accurate  production  analysis 
tools  to  enable  designers  to  apply  new  fracture  criteria.  Cracked  finite 
elements,  such  as  those  discussed  in  this  paper,  are  such  tools.  Their  ease 
of  application  makes  it  possible  for  analysts  and  designers  not  extensively 
trained  in  fracture  mechanics  but  familiar  with  finite  element  methods  to  com- 
pute accurate  stress-intensity  factors. 
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Table  1.  A Study  of  FiaiCe-WidCh  Panel  with  Two  Synaetric  Cracks  Coming  From  a Hole 
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Table  2.  Reaults  from  Analysis  of  the  Lug  Model 
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Figure  4.-  Results  for  single-edge,  double-edge,  and  center  cracked  tension  panels 

with  a/w  = 1/3. 




Figure  5.-  Symmetric  cracks  growing  from  a hole  in  a finite -width  panel. 
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Figure  10.-  Finite -element  models  of  tension  specimen  where  initial  45  crack  grew 

experimentally  as  modeled. 
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SUMMARY 


A new  approach  to  the  finite  element  method  wnich  utilizes  families  of 
conforming  finite  elements  based  on  complete  polynomials  is  presented  here. 
Finite  element  approximations  based  on  this  method  converge  with  respect  to 
progressively  reduced  element  sizes  as  well  as  with  respect  to  progressively 
Increasing  orders  of  approximation.  Numerical  results  of  static  and  dynamic 
applications  of  plates  are  presented  to  demonstrate  the  efficiency  of  the 
method.  Comparisons  are  made  with  plate  elements  in  NASTRAN  and  the  high- 
precision  plate  element  developed  by  Cowper  and  his  co-workers.  Some 
considerations  are  given  to  implementation  of  the  constraint  method  into 
general  purpose  computer  programs  such  as  NASTRAN. 


INTRODUCTION 


With  the  availability  of  general  purpose  computer  programs,  such  as 
NASTRAN,  at  reasonable  cost,  utilization  of  the  finite  element  approximations 
is  common  practice.  In  the  conventional  finite  element  method,  a continuous 
structure  is  Idealized  by  discrete  structural  elements  which  are  joined 
together  at  nodes.  Structural  characteristics  are  expressed  in  terms  of 
nodal  variables.  Improvement  of  accuracy  is  generally  made  with  respect  to 
progressively  reduced  element  sizes.  If  certain  conditions  are  met,  then  the 
finite  element  approximation  will  converge  to  the  true  solution  when  the 
element  sizes  are  reduced  (Ref.  1), 

Unfortunately,  reliable  and  practical  error  estimation  techniques  are  t\ot 
yet  available.  In  Important  analytical  computations  it  is  usually  necessary 
to  complete  two  or  more  calculations  of  the  same  problem  in  order  to  establish 
the  validity  of  t.e  finite  element  model  Itself.  The  calculations  usually 
employ  progressively  refined  finite  element  nets,  altuough  upper  and  lower 
bound  estimates  have  been  proposed  also  (Ref.  2).  This  is  a tedious  and 
costly  process  involving  a considerable  amount  of  duplicated  effort. 
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Much  interest  has  been  shown  in  the  development  of  high-precision  finite 
elements  so  that  better  accuracy  could  be  obtained  with  fewer  elements* 
Incorporation  of  such  elements  into  the  NASTRAN  program  was  reported  to  be 
under  development  (Refs.  3 and  4). 

Computational  experiments  as  well  as  theoretical  considerations  have  shown 
that,  in  terms  of  the  number  of  variables  needed  to  carry  an  analysis  to  a 
specified  level  of  precision,  the  high-order  or  high-precision  finite  elements 
are  more  efficient  than  the  low-order  ones.  This  is  particularly  true  in 
vibration  and  buckling  analyses  where  eigenvalue  problems  must  be  solved  in 
terms  of  the  problem  variables.  An  additional  fact  in  favor  of  using  fewer 
high-precision  finite  elements  is  that  the  number  of  necessary  man-computer 
interface  operations  and  the  volume  of  data  processing  services  are  roughly 
proportional  to  the  number  of  finite  elements  employed. 

In  view  of  these  findings  it  is  logical* to  explore  potential  benefits  to 
be  gained  from  the  convergence  process  based  on  progressively  increasing 
orders  of  polynomial  approximation.  In  this  convergence  process,  the  finite 
element  net  is  held  constant  and  the  order  of  polynomial  approximating 
functions  is  varied.  Existing  error  bounds  such  as  that  proposed  by  Fried 
(Ref.  5)  indicate  that  the  convergence  rate  will  be  exponential  in  this  case, 
whereas  the  convergence  rate  is  geometrical  when  the  finite  element  sizes  are 
reduced.  It  is  noted  that  this  error  bound  is  valid  only  when  the  exact 
solution  is  sufficiently  smooth  and  free  from  singularities. 

While  there  are  many  competing  formats  for  stating  finite  element 
approximation  problems,  it  was  found  that  it  is  convenient  to  state  the 
general  problem  as  a quadratic  programming  problem.  In  this  formulation, 
which  will  be  referred  to  as  the  constraint  method  in  the  following 
discussions,  the  functional  to  be  approximated  (usually  the  potential  energy 
expression)  is  written  as  a quadratic  expression  of  the  unknown  coefficients 
of  the  polynomial  approximating  functions.  The  inter element  continuity 
conditions  and  principal  boundary  conditions  are  stated  as  linear  equality 
constraints.  An  advantage  of  this  formulation  is  that  all  matrices  that  are 
necessary  to  define  the  numerical  problem  can  be  generated  automatically  for 
arbitrary  orders  of  approximation.  The  finite  elements  so  constructed  will 
exhibit  convergence  with  respect  to  reduced  element  sizes  as  well  as  with 
respect  to  increasing  orders  of  polynomial  approximation.  Because  of  the 
latter  type  of  convergence,  it  is  unnecessary  to  reconstruct  the  finite 
element  model  when  higher  accuracy  is  sought.  Additional  advantages  of  this 
formulation  are:  (a)  Since  the  unknowns  are  the  scalar  coefficients  of  the 

approximating  polynomial  sequences,  it  is  not  necessary  to  transform  the 
variables  and  stiffness  matrices  from  one  coordinate  system  to  another. 

(b)  All  finite  elements  can  be  made  mutually  compatible  by  specifying  the 
appropriate  connectivity  through  the  constraint  equations.  This  is  a very 
Important  feature  of  the  new  method  because  it  permits  consideration  of 
structural  stiffeners  with  greater  ease  than  the  standard  finite  element 
methods,  (c)  The  new  method  will  yield  the  axact  solution  when  the  exact 
solution  is  a polynomial  with  a degree  less  than  or  equal  to  the  degree  of 
the  approximating  polynomials,  regardless  of  the  number  or  orientation  of  the 
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finite  element  employed,  (d)  The  accuracy  of.  solution  and  the  computational 
efficiency  are  not  sensitive  to  input  numbering  schemes  (therefore,  the 
method  provides  flexibility  to  the  users  in  generating  the  structural  models) . 
(e)  The  number  of  elements  depends  solely  on  the  geometrical  configuration  of 
the  structure  to  be  analyzed,  not  on  the  desired  degree  of  precision  as  in 
conventional  analysis.  Thus  only  the  minimum  number  of  elements  sufficient 
for  idealizing  the  structure  needed  to  be  defined.  Other  factors,  such  as 
existence  of  point  loads  and/or  discrete  supports,  do  not  preclude  the  use  of 
large  elements. 

In  the  following,  a solution  technique  utilizing  the  essential  features  of 
this  formulation  is  discussed  and  applications  of  the  constraint  method  are 
illustrated  with  numerical  examples  for  static  and  dynamic  analysis  of  plates. 
Comparison  is  made  with  results  obtained  by  plate  elements  in  the  NASTRAN 
program  and  the  18  degrees-of-freedom  plate  element  presented  by  Cowper  et  al. 
(Ref.  6). 


THE  CONSTRAINT  METHOD 


In  the  constraint  method,  the  finite  element  approximation  is  treated  as 
a direct  energy  minimization  problem  in  which  the  minimum  potential  energy  is 
sought  subject  to  certain  linear  constraints.  As  in  the  conventional  finite 
element  method,  the  structure  is  idealized  by  discrete  elements  whose  dis- 
placement characteristics  are  approximated  by  the  polynomial  functions  defined 
over  the  element  domains.  Usually,  the  unknown  variables  are  the  coefficients 
in  the  assumed  polynomials,  although  other  variable  definitions  may  be  used 
also.  The  total  potential  energy  is  minimized  with  respect  to  these  unknown 
coefficients  subject  t j constraints  which  ensure  satisfaction  of  both  inter- 
element continuity  and  cinematic  boundary  conditions. 

Detailed  formulation  of  the  constraint  method  has  been  presented  elsewhere 
(Refs.  7 to  10).  It  will  be  outlined  here  as  follows: 

The  total  potential  energy  tt  Is  obtained  by  assembling  the  element 
potential  energies  expressed  in  terms  of  the  coefficients  of  the 
approximating  polynomials  as 

n ■ - 1/2  laj  (Si  |a|  - (Zj  | a | (1) 


In  equation  (1),  (aj  is  a row  vector,  containing  the  polynomial  coefficients 
and  |a|  Is  transpose  of  t.aj ; [S]  Is  a symmetric,  positive  matrix  containing  a 
set  of  submatrices  along  Its  diagonal;  (ZJ  Is  a row  vector  associated  with 
applied  loading.  This  equation  is  treated  as  a quadratic  objective  function 
which  is  to  be  minimised  subject  to  the  following  linear  constraints: 
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(2) 


IP]  ja(  . )r1 

where  [P]  and  |r[  define  the  interelement  continuity  and  the  external  boundary 
conditions.  For  homogeneous  boundary  conditions  |r}  is  null. 

Several  different  algorithms  can  be  used  for  solving  the  problem 
represented  by  equations  (1)  and  (2),  Most  of  these  require  separation  of  the 
independent  variables  from  the  dependent  ones  in  the  constraint  equations. 

Then  the  problem  can  be  reduced  to  solving  a system  ot  simultaneous  linear 
algebraic  equations  as  explained  in  Appendix  A, 

For  structures  subject  to  dynamic  loading,  inertia  properties  must  be 
introduced  in  addition  to  the  structural  stiffnesses.  In  the  case  of  free 
vibration,  the  equation  of  motion  for  the  Kth  element  is  expressed  as 

K K * ^ 

where  is  the  consistent  mass  matrix  and  ^ is  the  second  derivative  of 

|a|  ^ with  respect  to  time.  The  unconstrained  equations  of  motion  for  the 
entire  system  are  obtained  by  summation  and  can  be  written  as 


[SI  |a|  + [M]  |a|  - 0 (4) 

After  separating  the  independent  and  the  dependent  variables  In  the 
constraint  set  (see  Appendix  A),  the  unknown  variables  ja|  can  be  expressed  In 
terms  of  the  free  variables  |a(.|  , and  the  constrained  equations  of  motion 
become 

[h'^1  [S]  [H]  ja^(  + [M]  [H]  | a^ } - - [S]  |h|  (5) 

The  matrix  [H]  and  the  vectors  and  |h  | are  defined  In  Appendix  A. 

For  homogeneous  boundary  conditions,  |h|  vanishes  and  equation  (S)  becomes 

(SI  {aj  + [M]  -0  (6) 

where  [S]  and  [M]  are  the  constrained  stiffness  and  mass  matrices, 
respectively: 


ts] 

- 

[s]  [H] 

(7) 

[M] 

' [h'^1 

[M]  [H] 

(8) 

It  Is  noted  that  the  eigenvalue  problem  associated  with  equation  (6)  Is 
relatively  small  since  all  dependent  variables  were  eliminated. 


An  Important  feature  of  this  formulation  Is  that  all  finite  element 
approximation  problems  can  be  fully  defined  by  the  matrices  [S],  | Z | , [P], 

|r|  , and  [M]  (for  dynamic  application)  for  arbitrary  orders  of  approximation. 
These  matrices  can  be  generated  automatically  for  any  given  problem. 


NUMERICAL  EXAMPLES 


The  efficiency  of  the  constraint  method  Is  Illustrated  with  examples  for 
static  and  dynamic  analyses  of  structural  plates.  A comparison  Is  made  with 
results  obtained  using  plate  elements  In  the  NASTRAN  program  and  the  hlgh- 
preclslon  plate  element  presented  by  Cowper  et  al.  (Ref.  6).  Emphasis  Is  on 
the  accuracy  and  convergence  of  the  c^uatralnt  method  with  respect  to 
Increasing  orders  of  approximation  and  using  a minimum  number  of  elements. 
Additional  numerical  results  for  static  analysis  of  plates  and  shells  can  be 
found  In  references  7 to  10. 


Static  Analysis 


The  first  example  problem  for  static  application  is  the  simply-supported 
equilateral  triangular  plate  (Fig.  1(a))  under  uniform  pressure  q.  The  exact 
solution  of  this  problem  Is  a 5th  order  polynomial  (Ref.  11). 

The  constraint  method  gave  the  exact  solution  when  the  5th  order 
polynomial  was  employed,  and  only  one  finite  element  was  necessary.  The 
results  obtained  by  the  18  degrees-of-freedom  hlgh-precislon  element  (also 
based  on  the  5th  order  polynomial)  for  various  finite  element  layouts  were 
presented  in  reference  6 for  displacements  and  bending  moments  at  the  centroid 
of  the  plate.  Figure  1(b)  shows  the  layout  given  in  reference  6 for  N«1  and 
N«36,  where  N Is  the  total  number  of  elements.  Finite  element  layouts 
(N*25  and  100)  used  in  the  NASTRAN  model  are  shown  in  figure  1(c).  Due  to 
symmetry,  only  one-half  of  the  plate  was  considered.  Results  at  the  centroid 
of  the  plate  are  given  in  table  1.  It  Is  seen  tb  .t  36  high-preclslon  elements 
with  108  degrees-of-freedom  (DOF)  were  needed  to  obtain  precision  to  five 
significant  digits  whereas  only  6 DOF  were  needed  in  the  constraint  method  to 
achieve  similar  precision.  The  NASTRAN  results  were  obtained  by  interpolation. 
Employing  100  CTRPLT  elements  with  166  DOF,  10  percent  error  was  observed. 
Additional  comparisons  between  NASTRAN  plate  elements  and  the  constraint 
method  are  presented  in  figures  2 and  3 for  the  displaceskent  and  bending 
moment  along  the  centerline  of  the  plate,  respectively.  The  NASTRAN 
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100-element  model  gave  satisfactory  answers  for  the  displacements  but  only 
marginal  accuracy  for  moment.  Similar  accuracy  was  observed  for  the  bending 
moment  alon'j  the  same  line. 

The  second  example  is  a rectangular  plate  with  two  opposite  edges  simply 
supported,  the  third  edge  free,  and  the  fourth  edge  fixed  under  uniform 
pressure  q (Fig.  4(a)).  This  is  an  interesting  problem  because  it  comprises 
all  common  boundary  conditions.  Due  to  symmetry,  only  one-half  of  the  plate 
was  conslaered.  Finite  element  layouts  are  shown  in  figures  4(b)  and  4(c)  for 
the  constraint  method  and  the  NASTRAN  model,  respectively.  The  quadrilateral 
bending  element  CQDPLT  was  used  in  the  NASTRAN  model  with  300  DOF.  Result 3 
obtained  by  the  constraint  method  were  also  reported  elsewhere  (Ref.  7). 

Rapid  convergence  was  observed  with  respect  to  Increasing  orders  of  approxi- 
mation. It  was  found  that  very  good  results  were  obtained  for  the  6th  order 
approximation  with  21  DOF  (free  variables).  These  are  compared  with  the 
NASTRAN  results  in  figures  5 and  6 for  bending  moments  along  a line  in  the 
middle  of  the  rectangular  pla:e.  It  is  seen  that  correlation  of  the  NASTRAN 
results  for  My  with  the  exact  solution  is  not  as  good  as  for  M^.  In  this  case 
the  NASTRAN  model  overestimates  the  maximum  My  by  about  50Z.  It  should  be 
noted,  however,  that  NASTRAN  gave  satisfactory  results  along  the  centerline 
of  the  plate. 


Dynamic  Analysis 


The  first  example  for  dynamic  application  is  a cantilevered  triangular 
plate.  Natural  frequency  of  the  plate  was  solved  by  the  constraint  method 
for  various  combinations  of  finite  element  layouts  and  orders  of  approximation. 
Results  are  given  in  table  2 together  with  the  results  obtained  by  the  high- 
precision  18  degrees-of-freedom  plate  eletoent  and  the  experimental  data 
(Ref.  12).  The  results  show  that  in  the  constraint  method  monotonlc 
convergence  can  be  achieved  by  Increasing  the  orders  of  approximation  as  well 
as  by  reducing  element  sizes.  It  is  noted  that  the  DOF  represent  the  total 
number  of  equations  in  the  associated  eigenvalue  problems.  Comparable  results 
were  obtained  by  the  constraint  method  with  fewer  DOF. 

The  next  dynamic  problem  is  the  free  vibration  of  a simply-supported 
square  plate  shown  in  figure  7(a).  Two  elements  were  used  for  one-half  of  the 
plate  in  the  constraint  method  (Fig.  7(b)),  and  200  elements  in  the  NASTRAN 
model  (Fig.  7(c)).  Natural  frequencies  of  the  first  three  modes  are  presented 
in  table  3.  Monotonic  convergence  was  obtained  by  increasing  the  orders  of 
approximation  in  the  constraint  method.  The  NASTRAN  results,  presented  in 
reference  13,  are  also  given  for  comparison.  It  is  significant  that,  the 
resulting  number  of  DOF  for  the  eigenvalue  problem  is  much  smaller  in  the 
constraint  method. 
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IMPLEMENTATION 


Implementation  of  di^idld^intrilir following  steps: 

algorithm  given  in  Appendix  A may  be  di>;iaeQ 

1.  Define  structural  model 


b. 


d. 


f. 


(including  order  o£  epproxlnarlon  Chat  can 

--  inpur, 

Element  and  material  propert  - element  ID  and  define 

Applied  loads  (referred  ° '"^J^J^nftef  or^oint  ID  if  the 

point  of  application  by  reauired  for  distributed 

joint  exists;  only  element  ID  is  required 

load)  Preferred  to  individual  element 

f„1™deu«  ircatll  lor  point  aupporta;  dellne  elea»nt 
boundary  number  for  line  support) 


2.  Generate  and  assemble  matrix 


3. 


4. 


Unconatr.ln«l  orJ.^Tf 

Onconatralnad  jTpproxtaatlon) 

5”  r i/i . i ^ <-trorr'«ri;priLtion, 

s:rrr  ' conpatlglllty 

arJ  «t.r  ml  boundary  („„,1  „ eon.tant  v.lu.) 

Enforced  displacement  vector  jRJ  mu 

Determine  the  rank  of  [P]  acLmplished 

r,^S.‘;b'"rr tTri'" 

Constrained  matrix  generation 

a.  <i..put.  tt.»£or«tlo.  «trlca.  IH)  («lu*tlo«  (A7)).«d  )h} 


a. 


c» 


d. 


e. 


b. 

c. 

d. 

e. 


(equation  <^8))  y^tion  (7)) 

ui'.'rr  “l 
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5.  Equation  solver 


a.  For  static  problem,  solve  [S]  { * Izl  - {r}  for  |a£.{ 

Compute  ja^l  (equation  (A5))  and  then  |a|  (equation  (A4)). 
Separate  |a|  Into  Kl  . K«l,  2,  . . , N,  for  each  individual 
element.  _ _ 

b.  For  dynamic  problem,  solve  [S]  | | + [M]  { a^ f “ 0 

6.  Output  data  processing 

a.  Compute  results  for  each  element  directly  from  the  approxi- 
mating polynomials  whose  coef flci encs  are  determined  in  step  5. 

b.  Users  define  the  element  ID  and  desired  locations  of  output 
recovery:  some  default  values  may  be  provided. 


NASTRAN  Implementation 


In  executing  these  operations,  step  1 requires  some  modification  of 
NASTRAN  procedures.  In  particular,  the  element  compatibility  data  needed  in 
constructing  the  constraint  matrix  [P]  in  step  2,  and  the  options  for 
specifying  uniform  line  support  conditions  must  be  revised.  Steps  2 through  4 
are  new  except  that  the  cu)rent  multiple-point  constraints  and  enforced 
displacement  in  NASTRAN  can  be  included  in  steps  2d  and  2e.  The  current 
equation  solvers  in  N.\STRAN  may  be  used  in  step  5.  New  NASTRAN  functional 
modules  are  also  required  for  output  data  recovery  in  step  6,  since  the 
results  are  obtained  directly  from  the  approximating  polynomials. 

It  should  be  noted  that  finite  elements  generated  by  the  constraint 
method  can  be  combined  with  existing  elements  in  NASTRAN  if  it  is  so  desired. 
In  this  case,  the  unknown  variables  consist  of  both  coefficients  in  the 
assumed  polynomials  and  nodal  variable  components.  The  elements  can  be 
connected  together  by  the  constraint  equations. 


CONaUDING  REMARKS 


The  constraint  method  is  an  efficient  and  cost  effective  approach  to 
finite  element  approximations.  It  reduces  modeling  time  significantly  because 
fe%rer  elements  are  needed.  The  structural  model  thus  may  ha  generated  faster 
and  with  fewer  errors.  The  accuracy  and  computational  efficiency  are  not 
sensitive  to  input  numbering  schemes,  and  remodeling  is  not  required  for 
greater  accuracy.  Results  presented  herein  and  those  obtained  in  other  test 
cases  (Refs.  7 to  10)  indicate  that  highly  accurate  results  can  be  obtained 
by  the  constraint  method  at  reduced  computer  costs.  It  is  desiraole,  however, 
to  solve  some  larger  problems  to  provide  better  comparisons  between  this 
approach  and  the  current  approaches  to  finite  element  structural  analysis. 
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Efficiency  of  this  approach  may  be  further  improved  by  the  development  of 
efficient  algorithms  for  obtaining  Such  an  effort  is  currently  under- 
way at  Washington  University  in  St.  Louis. 

Implementation  of  the  constraint  method  into  the  existing  general  purpose 
computer  program  such  as  NASTRAN  is  considered  f iasible  and  worthy  of  further 
investigation. 
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APPENDIX  A 


A SOLUTION  ALGORITHM  FOR  THE  CONSTRAINT  METHOD 


The  problem  is  to  minimize  the  total  potential  energy  (equation  (Al)) 
subject  to  a set  of  constraints  (equation  (A2)): 

(Al) 
(A2) 


Min.  TT  = — laj  [S]  {a}  - IZJ  |a| 
Subject  to:  [P]  |a|  = {r[ 


We  begin  by  selecting  m linearly  independent  columns  from  [P]  and  renaming  them 
[B].  Then  equation  (A2)  can  be  written  as  . 


(B]  |a|,|  + iC]  {ad  = |r1 


(A3) 


where  vector  { a],  | contains  the  variables  associated  with  the  linearly  independent 
columns  In  [BJ , and  {a^j  contains  the  remaining  variables  in  {af.  Vector  |a|  is 
related  to  {ab[  and  |a(.|  by  the  following  equation 


[T] 


(A4) 


In  which  [T]  is  the  appropriate  permutation  matrix. 
From  equation  (A3) , we  can  write 


{ab|  - [b‘^1  {r|  - [b‘^1  [C]  jad 


-1, 


(A5) 


Substituting  equation  (A5)  Into  equation  (A4) , vector  |a|  can  be  expressed  in 
terms  of  {ag  | as 


where 


(a)  - [H]  |act  +lhl 


tH]  - (T] 


{h|  - m 


(Ab) 


(A7) 


(A8) 
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Substituting  equation  (A6)  into  equation  (Al) , the  total  potential  energy  it  can 
be  written  as 


If  = \ la^j  [hT]  [S]  IH]  \a^\  + 

iaj,j  [HT]  [S]  {h}  + I Ihj  [S]  {h} 

- lacJ  [hT]  {z}  - Ihj  {Z}  (A9) 

Minimizing  tt  with  respect  to  the  elements  of  have 

[h'*^]  [S]  [H]  jac}  + [h’^3  ^[S]{h|  - {z|^  =0  (AlO) 

Equation  (AlO)  represents  a set  of  simultaneous  algebraic  equations.  It  is 
noted  that  the  original  n variables  in  |a^  were  reduced  to  n~ra,  where  m is  the 
rank  of  the  constraint  matrix  [P].  When  the  boundary  displacements  vanish, 

|r[  is  null.  Equation  (AlO)  then  becomes 

[H^l  IS]  [H]  Jac}  - [h’^I  (z}  = 0 (All) 

Once  Ja^l  is  solved,  Jat;}  can  be  obtained  from  equation  (A5) . 
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TABLE  1 SOLUTION  FOR  S.S.  EQUILATERAL  TRIANGULAR  PLATE 


METHOD 


CONSTRAINT 

METHOD 


COWPER 


NASTRAN 


NO.  OF 
ELEMENTS 

0ISPLACEMEN1 
AT  CENTRO I I 

BENDING 
MOMENT 
AT  CENTROII 

1 

6 

1.02880 

2.40740 

1 

3 

.617284 

1.08333 

36 

108 

1.02881 

2.40792 

25 

46 

.92 

1.78 

100 

166 

.99 

2.19 

TABLE  2 NATURAL  FREQUENCY  OF  CANTILEVERED  TRIANGULAR  PLATE  (STEEL,  T 


FINITE 

ELEMENT 

UYOUTS 


CONSTRAINT  METHOD 


T 

10"  TYP. 
jL 


COWPER  (REF.  6 ) 


6TH 

4TH 

5TH 

6TH 

15 

12 

20 

30 

36.6024 

36.5538 

36.5331 

36.5158 

139.187 

141.0743 

139. 3590 

138.9769 

194.499 

203.3356 
- -,.l 

194.0896 

L... ...I.,..- 

193.5854 

TABLE  3 NATURAL  FREQUENCY  OF  THE  SIMPLY-SUPPORTED  SQUARE  PLATE 


ORDER  OF 


liWil 


MODE  NO. 


CONSTRAINT  METHOD 

NASTRAN 

4TH 

5TH 

6TH 

3RD 

6 - 

_ 12 

20 

.9298 

.9081 

.9069 

.9U56 

2.6972 

2.3962 

2.2782 

2.2634 

5.1170 

4.6325 

4.5474 

4.5329 

.9069 

2.2672 

4.5345 


DISPLACEMENT  1000  D/qL 


.2 


^ASTRAN-CTRPLT  (1/2  PLATE) 

O 25  ELEMENTS 

A 100  ELEMENTS 

CONSTRAINT  | 

I METHOD  (EXACT) 


Y/L(X.  0) 

Displacement  along  centerline  of  the  equilateral  triangular  plate 


2L/73 


' ’ ■ 1 

NASTRAN-CTRPLT  (1/2  PLATE) 

0 25  ELEMENTS  I 

1 

A 100  ELEMENTS 

— COHSTMINT 
1 METHOD  (EXACT) 

Y/L(X.0) 


Figure  5*-  Moment  along  centerline  of  the  equilateral  triangular  plate 


ht'K\ 


NASTRAN  DISTRIBUTION  THROUGH  COSMIC* 


By  Margaret  K.  Park 
COSMIC,  University  of  Georgia 


The  NASTRAN  program  package  is  one  of  the  most  important  in  terms  of 
size  and  use  in  the  COSMIC  inventory  at  the  University  of  Georgia.  In  this 
presentation,  a brief  hirtory  of  the  COSMIC  facility  as  it  relates  to  the 
NASTRAN  program  package  will  be  presented,  followed  by  a discussion  of  the 
NASTRAN  disseminations. 

COSMIC,  which  is  the  acronym  for  the  computer  Software  Management  and 
Information  Renter,  is  operated  by  the  University  of  Georgia's  Computer 
Center  under  contract  to  NASA.  It  was  established  in  1966  out  of  the 
Marshall  Space  Flight  Center's  Technology  Utilization  Office  and  operated 
under  their  sponsorship  until  the  contract  was  moved  to  the  Headquarters 
Office  in  July  1968.  The  purpose  of  COSMIC  is  to  make  available  to  the 
public  the  computer  software  and  documentation  developed  as  part  of  the 
NASA  program.  It  is,  perhaps,  best  described  as  a clearinghouse  for  the 
NASA^sponsored  computer  software,  although  the  functions  specified  under  the 
contract  go  much  further  than  simply  duplicating  the  programs  and  documen- 
tation for  distribution.  A sizeable  portion  of  the  workscope  involves 
screening  the  programs  to  Insure  that  they  are  free  of  syntax  errors,  that 
all  necessary  subroutines  are  present,  and  that  the  documentation  includes 
sufficiently  detailed  Instructions  to  allow  purchasers  "skilled  In  the  art" 
to  Install  and  operate  the  program  or  system.  Computer  software  is  contrib- 
uted from  14  major  NASA  facilities  and  their  contractors,  and  COSMIC  is 
currently  handling  an  inventory  of  approximately  1200  com;*uter  programs 
and  corresponding  documentation  for  some  30  different  computers. 

NASTRAN  is  one  of  the  largest,  if  not  the  largest,  software  systems 
distributed  by  COSMIC,  and  it  is  almost  certainly  the  most  wide?y  used 
system.  Three  major  releases  — levels  8,  12,  and  15.1  — have  been 

distributed,  and,  as  is  apparent  from  Table  1,  the  number  of  distributed 
copies  of  levels  12  and  15.1  has  significantly  Increased  over  the  number 
of  level  8 disseminations.  The  documentation  counts  represent  the  number 
of  individual  manuals  and  are  estimates  for  levels  8 and  12.  Various  options 
were  available  for  these  two  releases,  with  manuals  Included  in  some  of  the 
package  options,  and  individual  counts  for  manuals  were  not  maintained. 

The  Special  Problem  Reports  (SPR's)  are  also  distributed  by  COSMIC  as  they 
are  made  available  from  the  HASTRAN  office.  During  the  past  year,  there 
were  5 SPR's  distributed  for  a total  of  106  copies  (not  Included  In  Table  1) . 
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TABLE  ;i.  DISTRIBUTION  OF  NASTRAN  RELEASES 


Programs 

Documents 

Level 

8 

21 

500 

Level 

12 

78 

4900 

Level 

15.1 

79 

4400 

As  you  are  i\o  doubt  aware,  levels  12  and  15.1  were  available  In  four 
options,  one  each  for  the  UNIVAC  1108  and  CDC  6000  series  equlpnr.ent  and 
two  versions  for  the  IBM  360/370  series  equipment.  The  distribution  of 
program  copies  by  version  Is  shown  In  Table  2. 


TABLE  2.  DISTRIBUTION  OF  PROGRAM  COPIES  BY  VERSION 


Level  12 

Level  15.1 

UNIVAC  1108 

17 

16 

CDC  6000  series 

13 

20 

IBM  360/370  series 

48 

43 

A cursory  survey  of  NASTRAN  purchasers  reveals  that  COSMIC  has  distributed 
to  practically  every  major  type  of  Industry  In  the  country;  to  private  business; 
to  government  agencies  and  defense  bases;  and  to  educational  Institutions.  As  a 
clearinghouse  or  distribution  facility,  the  COSMIC  files  contain  little  more  than 
the  name  of  the  purchasing  officer  at  these  organizations.  The  Computer  Sciences 
Corporation  study,  which  was  completed  In  1972  a^id  was  based  primarily  on  the 
data  for  levels  8 and  12,  does  provide  some  Information  on  the  uses  which  are 
being  ma  e of  NASTRAN  and  the  advantages  which  have  been  realized.  The  results 
of  this  study  have  been  published  In  references  1 and  2. 

There  is  little  question  but  that  NASTRAN  has  provided  an  excellent 
showcase  for  NASA's  Techuology  Utilization  program,  and  the  COSMIC  staff 
is  pleased  to  have  had  a small  part  in  making  it  available  as  part  of 
NASA’s  mission  to  transfer  space  technology  to  the  public. 
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THE  APPUCATION  OF  NASTRAN  AT  SPERRY  UNIVAC  HOLLAND 

By  G.  Koopmans 

Sperry  UNIVAC  Appllcatlor./Research  Department 
SUMMARY 

Very  divergent  problenis  arising  with  different  calculations  indicate  that  NASTRAN 
is  not  always  accessible  for  common  use.  Problems  with  engfn .Bering,  modelling,  and 
use  of  the  program  system  are  analysed  and  a way  of  solution  is  outlined.  Related  to  tl^.i, 
somo  supplementary  modifications  are  made  at  Sperry  UNIVAC  Holland  to  facilitate  the 
program  for  the  less  skilled  user.  The  implementation  of  a new  element  also  gives  an 
insight  into  the  use  of  NASTRAN  at  Sperry  UNIVAC  Holland. 

INTRODUCTION 

As  the  users  of  UNIVAC  computers  are  from  very  different  kinds  of  Industries  like 
shipbuilders,  petrochemical  industries,  and  building  industries,  the  variety  of  problems 
coming  from  these  users  is  very  large.  This  variety  results  in  experience  not  with  one 
special  kind  of  calculation  nor  one  special  kind  of  construction,  but  with  a wide  area  of 
problems  arising  in  the  use  of  NASTRAN.  These  problems  can  roughly  be  divided  into 
three  different  groups: 

(1)  Recognition  of  what  is  to  be  '■alculated  and  how 

(2)  Construction  of  a model 

(3)  Handling  die  NASTRAN  program 

These  are  the  basic  problems  for  every  less  skilled  user  of  NASTR.\N  t.< 
Application/Research  Department  of  Sperry  UNIVAC  has  to  give  reasonable  answers  to 
these  questions.  The  correctness  and  accuracy  of  NASTRAN  is  hardly  a question. 

Except  for  very  complicated  structures  and  calculations,  the  prospective  user  accepts 
NASTRAN  as  the  best  available  tool,  in  spite  of  the  monopoly  of  ASKA  at  the  Dutch  uni> 
versities  and  the  almost  historical  preference  for  ICES.  The  description  of  the  following 
calculations  illustrates  the  procedure  of  tackling  dlffer'mt  types  of  problems.  As  the 
details  and  numerical  results  of  the  calculations  give  no  essential  information,  they  are 
not  shown. 


RECOGNITION  OF  WHAT  18  TO  BE  CALCULATED  AND  HOW 

One  of  our  customrrs  had  problems  with  a propulsion  system  for  ships.  A simpU* 
Red  schenuRc  diagram  is  shown  in  figure  1.  There  was  serious  damage  o*  'ie  roller 
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bearings  of  the  hollow  shaft  for  reasons  other  than  torsional  frequencies.  Obviously, 
something  was  wrong  with  the  design  of  the  system.  Together  with  the  customer  a sum- 
mary was  made  of  all  possible  sources  of  damage.  After  that,  a selection  from  among 
parts  of  the  system  was  made  to  determine  the  loading  conditions  that  had  to  be  calculated. 
The  conclusion  was  to  make  a static  analysis  to  determine  whether  the  connection  between 
the  hollow  shaft  and  the  gear  wheel  was  strong  enough  and  also  to  make  an  analysis  of  the 
natural  frequencies  of  the  shaft  and  gear  wheel  with  NASTRAN.  A model  was  made  from 
triangular  and  quadrilateral  ring  elements  and  rigid  formats  1 and  12  were  used. 

The  result  of  these  analyses  was  that  the  connection  seemed  barely  strong  enough 
and  that  the  gear  frequency  was  almost  the  same  as  the  natural  frequency  of  the  shaft  and 
wheel  with  four  other  natural  frequencies  in  the  same  region.  Combined,  these  could  be 
the  source  of  damage.  Obviously,  modelling  and  calculating  with  NASTRAN  was  no  prob- 
lem. The  only  way  to  solve  the  problem  was  to  make  an  extensive  oveiwiew  of  possible 
sources.  If  that  were  available,  the  rest  would  be  no  problem  because  almost  everything 
could  be  calculated  with  a program  like  NASTRAN.  So  this  is  essentially  a problem  that 
only  can  be  solved  with  engineering  practice.  Only  a methodical  approach  to  a problem 
like  this  can  give  a satisfactory  result,  and  simple  rules  cannot  be  given  for  solving  these 
problems. 


CONSTRUCTION  OF  A MODEL 

Two  entirely  different  examples  will  show  problems  arising  with  modelling.  For 
building  blocks  of  flats,  one  of  our  customers,  a building  contractor,  wants  to  know  the 
loads  on  the  piles,  the  stresses  in  the  structure,  and  the  possible  overload  the  structure 
may  absorb  for  a certain  wall  thickness.  When  the  problem  is  stated  this  way,  it  seems 
to  be  a stability  problem,  hardly  solvable  because  of  the  properties  of  the  material,  rein- 
forced concrete.  Nevertheless,  the  biggest  problem  for  the  building  contractor  is  how  to 
make  a model  because  he  has  no  idea  about  the  effect  of  the  element  and  element  size  on 
his  results.  As  all  his  problems  are  topologically  almost  the  same  > only  walls  and 
floors  - like  figure  2,  the  best  thing  to  do  is  to  make  a preprocessor  for  NASTRAN  with 
a simple  mesh  generator  resulting  in  a model  like  figure  3.  This  procedure  was  entirely 
sufficient  for  this  model. 

A totally  different  modelling  problem  was  the  stress  calculation  of  a reactor  con- 
tainment vessel  of  a nuclear  power  plant.  This  is  a kind  of  pressure  vessel  with  a radius 
of  about  90  feet  and  about  140  feet  high  (see  fig.  4).  One  of  the  greatest  problems  was  a 
crane  girder  at  the  top  of  the  vessel.  Because  of  the  rotational  symmetry  of  the  vessel, 
the  conical  shell  element  could  be  used,  but  the  bulkheads  of  the  girder  disturbed  the  sym- 
metry and  prevented  the  use  of  this  model.  ModeUing  with  piate  elements  would  increase 
computer  time  enormously.  The  solution  was  the  use  of  multipoint  constraints.  With 
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several  hundred  multipoint  constraints,  the  bulkheads  had  a zero  inplane  stiffness.  This 
condition  gave  the  model  a reasonable  stiffness.  Of  course,  this  is  not  a completely  new 
way  of  using  these  multipoint  constraints,  but  it  shows  again  that  intelligent  modelling  can 
give  accurate  results,  shorter  computing  times,  and  simpler  models. 

So  if  modelling  is  a serious  problem,  either  a skilled  user  of  the  finite-element 
method,  or,  for  simple  models,  some  piece  of  software  must  make  the  model.  The  fact 
that  a simple  model  description  is  important  pleads  for  a general  mesh  generator , so  that 
only  a description  of  the  contours  and  the  element  kind  will  produce  an  optimal  mesh. 

HANDUNG  THE  NASTRAN  PROGRAM 

An  underestimation  of  this  problem  is  dangerous  because  2 rogram  will  be  used  if 
it  is  easy  to  use.  For  a common  user,  a large  program  like  NASTRAN  is  never  easy  to 
use.  Therefore,  it  must  be  made  as  easy  as  possible;  that  is:  little  input,  only  a few 
control  cards,  surveyable  output,  and  so  on.  This  statement  results  in  some  remarkable 
conclusions.  The  way  of  substructuring  in  NASTRAN  seems  to  be  too  complicated  for  a 
common  user.  Usually,  he  wants  to  use  more  core  for  calculating  the  whole  model  at 
once  if  possible.  Instead  of  calculating  substructures  and  saving  computer  time.  For  this 
reason,  enlarging  the  available  core  is  desirable.  This  enlargement  could  be  done  by 
some  alterations  in  the  subroutine  MAPFNS. 

With  the  updating  program  (see  fig.  5)  the  available  core  on  the  UNIVAC  1108  is 
increased  to  117K  words.  Another  way  to  make  NASTRAN  as  easy  to  handle  as  possible 
is  to  reduce  the  number  of  control  cards.  This  can  be  done  by  a subroutine  called  LINKO. 
(See  fig.  6.)  This  FORTRAN  program  tests  the  run  condition  word  and  after  that  starts 
the  sequence  of  link  steps.  For  this  purpose  file  12  is  available  if  no  BCD  plot  file  is 
used.  The  executive  control  language  of  all  link  steps  is  written  on  this  file  12  and  LINKO 
takes  the  control.  Already  with  these  few  alterations  NASTRAN  seems  to  be  more 
accessible. 

If  there  is  a problem  in  handling  the  NASTRAN  system,  often  it  can  be  solved  by 
making  simplifications  in  different  fields.  Of  course,  the  simplification  is  only  valid  for 
relatively  simple  calculations  using  only  rigid  formats  without  DMAP  sequence  altera- 
tions. But  most  of  the  calculations  are  as  simple  as  that. 

NEW  ELEMENT 

The  data  processing  division  of  Rljkswaterstaat,  Ministry  of  Transport  Water 
Control  and  Public  Works,  an  engineering  firm  of  Netherlands  government,  has  developed 
three  plate  elements  - a triangular,  a rectangular,  and  a quadrilateral  element.  They 
have  implemented  them  in  ICES.  UNIVAC  has  obtained  these  elements  for  implementing 
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in  NASTRAN.  The  stiffness  matrix  of  these  elements  is  derived  by  the  method  of  assumed 
stress  distribution  as  outlined  by  Plan  (ref.  1).  In  this  method  the  expression  for  the 
strain  energy  in  the  element  requires  both  displacement  compatibility  and  stress  equilib- 
rium conditions.  These  elements  have  now  been  tested.  The  results  will  be  available  for 
all  interested  people  as  soon  as  all  advantages  and  disadvantages  of  these  elements  are 
known. 


CONCLUDING  REMARKS 

Although  the  emphasis  in  using  NASTRAN  is  mostly  for  complicated  constructions 
and  calculations,  most  of  th'  computing  time  used  by  NASTRAN  is  for  relatively  simple 
problems.  To  simplify  th . use  of  NASTRAN,  many  alterations  can  be  introduced,  mainly 
in  the  field  of  reducing  input  data.  Related  to  that,  a more  automatic  input  generation 
should  be  desirable. 
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Figure  1.-  Propulsion  system. 


Figure  2.-  Contour  plot  of  a block  of  flats. 
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SOME  STUDIES  ON  THE  USE  OF  NASTRAN  FOR  NUCLEAR  POWER 

P1.ANT  STRUCTURAL  ANALYSIS  AND  DESIGN 

By  Achyut  V.  Setlur  anC  Munlrathnam  Valathur 

Pioneer  Service  & Engineering  Co. 

Chicago,  Illinois 

SUMMARY 


This  paper  presents  some  of  the  studies  made  on  the  use  of  NASTRAN  for 
nuclear  power  plant  analysis  and  design.  These  studies  indicate  that  NASTRAN 
could  be  effectively  used  for  static,  dynamic  and  special  purpose  problems 
encountered  in  the  design  of  such  plants.  Normal  mode  capability  of  NASTRAN 
is  extended  through  a post -processor  program  to  handle  seismic  analysis. 
Static  and  dynamic  substructuring  is  discussed.  Extension  of  NASTRAN  to 
include  the  needs  in  the  civil  engineering  industry  is  discussed. 


INTRODUCTION 


With  the  ever  increasing  size  of  nuclear  power  plants  now  under  con- 
struction and  those  comtemplated  In  the  future  coupled  with  growing  concern 
of  the  owner,  engineer,  regulatory  bodies  and  the  public  on  the  quality  and 
safety  of  such  plants,  a greater  emphasis  is  continuously  being  laid  on  the 
specification  of  more  reliable  loads  and  material  properties  together  with 
more  sophisticated  tools  and  procedures  for  analysis  and  deslga.  Anticipat- 
ing this  trend.  Pioneer  Service  & Engineering  Co.  initiated  a study  of  the 
currently  available  computer  programs  in  the  area  of  statics,  dynamics  and 
stability  of  structures  including  capabilities  for  handling  physical  and 
geometric  nonlinearities.  It  was  quickly  realized  that  no  single  computer 
program  would  be  uniformly  effective  for  such  a broad  spectrum  of  require- 
ments. However,  it  was  also  found  chat  NASTRAN  was  the  best  candidate  to 
handle  a major  portion  of  the  requirements.  It  is  not  the  intent  of  this 
paper  to  enumerate  the  capabilities  of  NASTRAN.  Only  those  features  which 
were  found  particularly  useful  are  mentioned  in  the  sequel. 

A typical  pressurized  water  nuclear  power  plant  structure  consists  of 
several  buildings  which  may  be  connected  to  one  another  at  the  foundation 
level  and/or  at  several  higher  elevations.  T’  a reactor  shield  building  is 
typically  a reinforced  or  pre-stressed  eor  ute  cylindrical  shell  with  a 
spherical  or  elliptical  cap.  The  adjoining  buildings  and  the  internals  of 
Che  reactor  building  have  shear  walls  as  their  lateral  load  carrying  ele- 
ments. Thus , the  entire  structural  system  consists  of  a complex  of  shear 
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walls,  slabs,  pre-stressed  shells,  and  steel  or  concrete  columns  and  roo£ 
structure  as  seen  In  Figures  1 and  2.  This  system  has  to  be  analysed  for 
several  load  conditions  and  their  pre-asslgned  combinations.  Ther^e  load 
conditions  are  static  (e.g.  dead  and  live  loads)  or  dynamic  (e.g,  base 
excitation  due  to  earthquake  ground  motion)  In  nature.  Hence,  a program 
which  uses  the  data  base  and  matrices  generated  for  the  static  problem  to 
perform  a dynamic  analysis  would  be  most  suited  for  such  combinations.  This 
capability  Is  found  In  NASTRAN  and  Is  an  important  advantage  over  other 
programs. 

Features  In  NASTRAN,  Level  15.1,  which  would  be  required  for  the  effl> 
dent  processing  of  static  and  dynamic  problems  were  checked  out  using  simple 
models.  Some  of  the  experiences  are  discussed  below.  Since  NASTRAN  does  not 
support  modal  spectral  analysis  for  base  excitation  and  does  not  combine 
static  and  dynamic  results,  post-processcrs  were  developed  for  these  specific 
tasks  and  are  briefly  presented.  Finally,  some  suggestions  for  incorporating 
new  features  In  NASTRAN  which  would  be  effective  In  civil  engineering 
structural  analysis  are  noted. 


SUBSTRUCTURING 


Anticipating  that  the  structural  model  of  the  entire  power  plant  for 
static  and  dynamic  analyses  would  result  In  a large  number  uf  degrees  of 
freedom,  and  also  noting  that  the  structures  within  the  total  system  have 
well  defined  boundaries,  it  was  found  that  the  substructuring  technique 
would  be  a logical  and  effective  approach.  To  make  efficient  use  of  the 
features  available  in  NASTRAN,  the  intermediate  results  obtained  from  static 
substructuring  should  be  used  for  the  dynamic  analysis  or  vice  versa.  The 
schematic  diagram  shotm  in  Figure  3 usea  the  above  feature.  Post -processing 
phases  are  also  shown  in  the  f''.gure.  All  interfacing  bettfeen  the  post- 
processors and  NASTRAN  Is  accricipl  ishud  through  NASTRAN  generated  data  blocks 
placed  on  tape  or  disks  using  0<JTt^-UTi  module. 

The  scleme  shown  in  Figure  3 was  tistao  using  the  simple  plate  problem 
given  in  the  Uemonstration  Manual  (I.cf»t~*i  ce  1).  The  5 x 10  element  half- 
plate andel  is  shown  in  Figure  4.  Syru.e:.rlc  boundary  conditions  trere  assumed 
along  the  line  of  symmetry.  Inplai^e  oci^Uections  and  normal  rotations  are 
constrained.  The  half-plate  modil  la  arbitrarily  separated  into  two  sub- 
structures, referred  to  as  SUB  \ and  SUB  2.  Two  load  cases  for  the  static 
problem  and  the  simply  support<:d  boundary  conditions  were  specified  in  Phase 
1.  The  static  problem  was  run  first  with  the  symmetric  boundary  conditions 
specified  in  Phase  II.  This  was  done  so  that,  if  results  for  antisymmetric 
conditions  were  necessary  at  a later  stage,  they  could  have  been  obtained 
without  going  through  Phase  I again.  Slight  changes  to  the  ALTER  package 
for  substructuting  as  given  in  the  User's  Manual  f^^sference  2)  were  made  so 
that  the  OUTPUTl  data  blocks  of  ths  two  substructures  could  be  placed  on  the 
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same  tape.  The  results  of  the  static  analysis  were  printed  and  placed  on 
tape  using  the  0UTPUT2  module.  The  dynamic  analysis  was  carried  out 
utilizing  the  stiffness  matrix  generated  in  Phase  1 of  the  static  analysis. 

The  mass  matrix  was  not  generated  in  the  static  part  since  no  GRAY  loads 
were  applied,  hence.  Phase  1 of  the  dynamic  analysis  using  the  stiffness 
matrix  KAA  of  the  static  part  and  using  a restart  with  a rigid  format  switch 
was  executed.  In  this  phase  only  the  mass  matrix  was  computed.  If  a GRAY 
load  was  Introduced  in  the  static  analysis,  the  MAA  matrix  would  have  been 
generated  and  stored.  Then,  it  would  not  have  been  necessary  to  run  the  Phase 
I of  the  dynamic  analysis.  M<jdes  and  frequencies  of  vibration  of  the  example 
problem  agreed  very  well  with  those  given  in  the  Demonstration  Manual. 

Phase  III  of  the  dynamic  analysis  was  successfully  completed  using  check 
pointed  tape  of  Phase  I static  analysis  and  with  a switch  in  rigid  format. 
However,  it  was  found  that  attempting  Phase  III  of  the  dynamic  analysis  using 
the  check  pointed  tape  of  Phase  I of  the  dynamic  analysis,  which,  in  turn, 
was  generated  from  the  check  pointed  tape  of  Phase  I of  the  static  problem, 
resulted  in  a fatal  error.  In  other  words,  multiple  restarts  were  unsuccess- 
ful. 


SEISMIC  ANALYSIS 


The  seismic  analysis  of  a structure  can  be  approached  in  two  different 
ways,  (a)  by  the  modal  analysis  using  the  ground  response  spectra  and  com- 
bining the  individual  modal  responses  in  a predetermined  procedure  (e.g. 
square-root-of-sum-of-the-squares) ; and  (b)  by  modal  cr  direct  integration 
of  the  equations  of  motion  using  a given  time-history  of  ground  acceleration. 
These  approaches  and  their  pros  and  cons  are  discussed  in  any  standard  book 
on  earthquake  engineering  (e.g.  Reference  3)  and  hence,  will  not  be  detailed 
here.  In  practice,  the  first  approach  is  more  conpionly  used  because  of  its 
simplicity  and  the  ease  of  defining  the  inputs.  Hence,  this  approach  will 
be  discussed  in  what  follows. 

The  dynamic  models  of  the  tota^  structural  system  used  by  other  invest- 
igators (References  4 and  3)  are  shown  in  Figure  S.  The  first  of  these  two 
models  Involves  the  assumption  that  the  individual  buildings  and  their 
internals  can  bu  lumped  to  form  a set  of  cantilever  "flagpoles".  The  complex 
arrangement  of  the  buildings  together  with  their  low  profile  makes  thir 
assui^tion  a gross  one.  The  second  auxlel  assuates  that  the  shear  walls  can  be 
represented  as  horizontal  springs  and  the  floor  as  a rigid  diaphragm.  This 
would  havu  been  a valid  assumption  for  a tall  building  but  is  not  entirely 
applicable  for  nuclear  plant  structures. 

Our  approacn  is  to  model  the  vertical  shear  wall  elements  and  the 
horizontal  slabv  using  membrane  and  plate  elements  of  NASTRAn.  Tcls  would 
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result  in  a structural  model  with  a larf.e  number  of  degrees  c.  freedom.  It 
is,  however,  not  essential  nor  economical  to  retain  all  of  these  degrees  of 
freedom  in  the  dynamic  analysis.  Hence,  substructuring  and  Guyan  reduction 
are  necessary.  The  pertinent  equations  for  seismic  analysis  of  the  structure 
using  the  modal  approach  are  given  below. 


“HH  ‘Sffl 


-♦I  «AA  •’  S 


(1) 


where  M,  B,  K,  and  I are  the  mass,  damping,  stlftness,  and  Identity  matrices, 
subscripts  H and  A refer  to  the  modal  displacement  and  analysis  sets 
respectively  in  Phase  II  of  the  substructuring  procedure,  is  the  mass 
normalized  eigenmatrix,  J is  an  A x 3 matrix  of  ones  and  zeroes  which  selects 
btie  masses  which  excite  the  motion  in  the  given  directions,  and  a is  ? 
component  vector  of  the  ground  acceleration  time-history.  It  is  §oted  that 
the  matrices  on  the  left  hand  side  are  all  assumed  to  be  of  the  diagonal 
form  representing  uncoupled  mu  al  equations. 


The  matrix  product  - 

^A^AA'^ 

represents  the  participation  factors,  PF,  of  each  mode  for  each  of  the  ’.hree 
components  of  ground  notion.  These  quantities  are  c^mipated  in  NASTRAN 
through  the  followin':  package  for  Rigid  Format  3. 

ALTER  93 

MPYAD  MAA,  PHIA,  /X/C,  N,  0/C,N,  1/C,  N,  0/C,  N,  1 $ 
MPYAD  J,  X,  /PF/C,  N.  1/C,  N,  1/C,  N,  0/  C,  N,  1 $ 
MATPRN  PF  , , , , / / $ 

ENDALTER 

The  matrix  J is  supplied  to  N/ ST RAN  through  DMI  bulk  data  cards.  Since  the 
J matrix  depends  on  the  a-set  of  Phase  II,  care  should  be  exercised  to  keep 
track  of  the  degrees  of  freedom  which  are  present  and  the  order  of  their 
occurrence  :n  the  a-set. 


In  Phase  III  of  the  substructuring  procedure,  the  results  of  the  modal 
analysis  for  each  subatructure  are  printed  out  as  well  as  made  available  on 
tape  or  disk  through  the  0UTPUT2  feature.  The  DMAP  alter  package  for  Rigid 
format  3 is  given  below 

ALTER  107 


0UTPOT2  OPHK,  OQGl,  OEFl,  OESl  „ //C,  N,  -1/C,  N,  11  $ 
0UTPUT2  .,,,//  C,  N,  -9/C,  N,  11  > 


ENDALTER 
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The  modal  results  of  each  substructure  are  post -processed  using  the  above 
output  values,  the  acceleration  response  spectra  and  the  participation  factors 
to  obtain  the  individual  modal  contributions  of  the  processed  quantity.  For 
the  i-th  mode,  the  modal  contribution  for  the  displacement  at  a point  j for 
the  component  of  ground  motion  along  X-  direction  is  given  by 


dj  (X) 


^a  i i 

— S--  PF^  (X)  . 

"i 


(2) 


where  is  the  spectral  response  acceleration  for  i-th  frequency.  The 

response  acceleration  spectra  are  derived  from  the  acceleration  time-history, 

a • 

g 

The  total  displacement  at  the  point  j for  X-  direction  ground  motion  is 
approximated  as  m < 9 u 

d,  (X)  » [r  (dj  (X)  y r (3) 

^ i=l  ^ 

Finally,  the  total  displacement  at  the  point  j fur  the  three  component 
earthquake  motion  is  obtained  as 

d^  “ i <X)  + (dj  (Y)  + (d^  (Z) 

Similar  expressions  are  used  for  combining  forces,  stresses  etc.  The  final 
results  are  again  placed  on  a tape  or  disk  in  a format  similar  to  that  of 
KASTRAN.  This  makes  it  convenient  to  combine  the  results  of  static  and 
dynamic  analyses. 


SUGGESTED  ADDITIONS  TO  NASTRAN  FOR  CIVIL  ENGINEERING  NEEDS 

a.  The  single  most  useful  addition  to  NASTRAN  would  be  the  ability  to 
specify  loads  within  the  span  of  BAR  elements  and  the  cababllity  of  obtaining 
output  at  intermediate  cross  sections  within  the  BAR  element. 

b.  Capability  of  specifying  different  acceleration  magnitudes  at 
different  mass  point  for  the  same  load  case  in  the  static  rigid  fr'-'mat 
rather  than  a single  acceleration  value  presently  available.  This  feature 
would,  then,  be  useful  in  approximating  the  seismic  analysis  as  a quasi- 
static  analysis  for  structures  where  such  approximation  is  permissible. 

c.  Capability  of  specifying  non-linear  relationship  between  stress 
resultants  and  corresponding  deformations  (e.g.  moment -curvature  relation) 
for  use  in  conjunction  with  the  BAR  elements.  This  would  allow  elasto- 
plastlc  analysis  of  three-dimensional  frames. 
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d.  For  CQUAD2  and  CTRIA2  elements,  at  present,  only  bending  stress 
resultants  (forces)  are  printed.  The  output  should  also  include  membrane 
forces. 


CONCLUDING  REMARKS 


Some  studies  have  been  conducted  on  the  use  of  NASTRAN  for  nuclear 
power  plant  analysis  and  design.  These  studies  indicate  that  NASTRAN  could 
be  effectively  used  for  such  problems.  DMAP  alter  packages  and  post-pro- 
cessors have  been  written  to  extend  NASTRAN’ s capability  to  seismic  base 
excitation  problems.  Static  and  dynamic  analysis  using  substructures  have 
been  attempted  with  switch  in  rigid  format  restarts.  Post-processors  for 
combining  static  and  dynamic  (seismic)  solution  have  been  written  for  use 
in  design  sub-routines.  Finally,  some  additions  to  NASTRAN  are  suggested 
which  when  implemented  would  make  the  program  more  effective  in  solving 
civil  engineering  structural  analysis  problems. 
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Figure  2.-  Plan  of  typical  pressurized  water  nuclear  power  plajit  structxire 
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NASTRAN  USERS'  EXPERIENCE  OF 
AVOO  AEROSTRUCnjRES  DIVISION 
By  Charles  L.  Blackburn  and  Carl  A.  Wilhelm 
Avco  Aerostructures  Divisicm,  Nashville,  Tennessee 


SIHIARY 


This  paper  discusses  the  NASTRAN  experiences  of  a major  structural 
design  and  fabrication  s\d>contractor  that  has  less  engineering  personnel 
and  computer  facilities  than  those  available  to  large  prime  contractors. 
Efforts  to  obtain  sufficient  coB|>uter  opacity  and  the  development  and 
implementation  of  auxiliary  programs  to  reduce  manpower  requirements  are 
described.  Applications  of  the  NASTRAN  program  for  training  users,  diecking 
out  auxiliary  prograats,  performing  in-house  research  and  development,  and 
structurally  analyzing  an  Avco  designed  and  manufactured  missile  case  are 
presented. 


INIRDDUCTION 


The  Avco  Aerostructures  Division  has  long  been  actively  engaged  in  the 
researdr  and  developamnt  areas  of  structural  analyses.  Since  1966,  particu- 
lar emphasis  has  bein  placed  on  finite  element  techniques  utilizing  the 
dinlacement  method*  Sudi  efforts  yielded  a static  analysis  program  for 
bow  the  IBM  360/Model  40  and  IBM  1130  conputers*  Although  the  program  was 
someidut  limited  in  the  types  of  finite  elements,  the  objective  for  solving 
structural  problems  containing  a large  nunber  of  degrees  of  freedom  was 
achieved.  This  objective,  however,  was  not  obtained  without  the  sacrifice 
of  coBputer  efficiency  due  to  a requirement  for  large  anoints  of  peripheral 
processing  time*  For  eocaqple,  the  IBM  1130  could  acoonaodate  a structural 
model  with  nearly  1000  degrees  of  freedom,  but  approximately  10  hours  were 
necessary  for  a solution*  Run  tines  of  3 and  4 hours  were  not  incommon  for 
IBM  360/40  analyses*  Only  bar,  triangular  meahrane  plate,  and  rectangular 
amabraM  plate  elaMnts  were  available  in  the  IBM  1130  prograa,  but  the  IBTf 
360/40  prograa  also  included  the  triargular  bending  plate  element.  (Plate 
elements  assumed  constant  stress  conditions*)  It  becaw  immediately  qiparent 
that  the  coagilete  cipabili^  for  performing  structural  analyses  (i.e. , static, 
vibration,  buckling,  etc.)  by  finite  element  tedniques  was  not  within  the 
practical  i^iper  limits  of  Avco  A/D's  coa^uter  facilities* 

In  the  latter  part  of  1970,  Avco  A/D  became  aware  of  the  Industry 
Researdi  Associate  Prograa  initiated  by  the  NASA-Langley  Researdi  Center* 

The  value  of  the  program  for  providing  a mutual  interchange  of  technology 
was  iaaediately  rao^nized  and  Avco  became  an  active  participant  in  January 
1971*  The  initial  participation  consisted  of  two  engineering  personnel 
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being  assigned  to  the  Structitres  Division  of  the  Stmcture  Directorate*  It 
was  in  this  time  period  that  the  NASTRAN  Systems  Management  Office  (NSMD)  was 
established  in  the  Structures  Division  at  NASA-Langley  (October  4,  1970)  and 
the  first  public  release  of  NASTRAN  through  OOSMIC  occurred  (November  1970) . 
Since  NASTRAN  was  being  heavily  used  at  N^A-Langley  and  other  government 
centers  for  testing  and  evaluation,  NASA- assigned  Avco  personnel  could  evalu- 
ate the  program  and  beccme  qualified  users  v4iile  performing  their  assigned 
tasks*  This  NASTRAN  ei^rience  is  one  excellent  example  of  the  spin-off 
benefits  from  the  NASA/Industry  Research  Associate  Program. 

It  was  obvious  from  the  initial  confrontation  of  the  Avco  associates 
with  the  NASTRAN  program  that  it  would  enable  us  to  attain  our  research  and 
development  goals.  However,  the  in-house  cooqauter  capacity  at  Avco  A/D  \;as 
still  not  adequate  to  accommodate  the  program*  A survey  of  the  local 
(Nashville)  conq;)uting  facilities  was  undertake  to  determine  if  any  conputers, 
suitable  for  NASTRAN  operations,  were  available*  In-house  terminals,  as 
supplied  by  conputer  leasing  services,  were  disregarded  since  the  NASTRAN 
usage  was  upredictable;  operating  costs  could  be  excessive  on  a per  run 
basis.  A colter  service,  NLT  Computer  Services  Corporation,  which  primarily 
serves  the  local  banking  and  insurance  interests,  was  fotnd  to  have  centers 
conpatible  with  the  NASTRAN  program;  namely,  an  IBM  360,  Model  65  and  an  IBM 
370,  Model  ISS  oonputer*  Arrangements  were  made  with  NLT  for  implementation 
of  the  level  12  NASTRAN  on  each  of  their  conputers*  Further,  it  was  decided 
that,  vdienever  possible,  auxiliary  NASTRAN  programs  capable  of  generating  and 
checking  input  data  and  manipulating  ou^ut  data  (i.e* , resizing  routines) 
would  be  incorporated  on  the  in-house  IBM  360/40.  The  inconvenience  of  the 
data  management  problem  presented  by  this  approach  was  considered  less 
indesiral)le  than  tlie  economic  problem  of  using  the  NLT  conputer  services  for 
all  cases*  Avco  A/D  acquired  the  NASTRAN  program  in  October  1971  and  had  it 
operational  on  the  NLT  conputers  qiproximately  one  month  later*  The  inple- 
mentation  of  the  program  by  NLT  personnel  will  be  discussed  in  this  report* 
Further,  this  unipie  arrangement  between  the  financial  and  technical  connunity 
will  be  described  with  particular  enphasis  on  the  problems  encoxmtered  due  to 
different  terminologies  and  concepts. 

A description  of  Avoo's  auxiliary  conputer  routines  to  be  used  with  the 
NASTRAN  analysis  program  is  included  in  the  paper*  For  exanple,  the  data 
generation  programs  described  in  references  1 and  2 have  been  converted  from 
a CDC  6000  series  conputer  to  the  IBM  360/40  conputer  with  some  modifications* 
Also,  a program  vhidi  checks  the  NASTRAN  iiput  data  for  format  and  syntax 
errors  and  inconplete  and/or  duplicate  data  and  generates  a tqw  for  plotting 
undeformed  structure  lias  been  di^loped*  This  dwck-out  program  is  s&iilar 
to  the  special  NASTRAN  program  described  in  reference  3* 

In  addition,  results  obtained  from  various  NASTRAN  investigati<ms  of 
widely  varying  t]^s  of  structure  are  presented*  For  each  of  the  investi- 
gations, the  results  describe  (perational  problems,  run  times,  and  core 
requirements  (including  oonparisons  of  the  IBM  360/65  and  IBM  370/155  com- 
puters whenever  possible)  plus  conparisons  of  the  NASTRAN  results  %dth 
theoretical  or  eiqperinental  data* 
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The  pq>er  also  discusses  the  in^rtance  of  a NASTRAN  type  program  to 
Avco  Aerostructures  Division  as  a major  subcontractor  to  the  prime  aerospace 
contractors* 


AVCO/NLT  NASTRAN  IMPLEMENTATION  AND  OPERATION 


An  interfac^  of  the  capid>ilities  and  facilities  of  the  Avco  Aero- 
structures Division  and  the  NLT  Gonputer  Services  Corporation  was  required 
to  acccmnodate  the  NASTRAN  program.  The  acquisition  (and  ^dating)  and 
execution  of  NASTRAN  was  the  responsibility  of  Avco*  The  inplementation  and 
maintenance  of  NASTRAN  was  the  responsibility  of  NLT*  Obviously,  NASTRAN 
bridges  the  gap  that  exists  between  the  ci^abilities  of  the  technical  and 
financial  commnities;  namely,  scientific  progranners* 

Before  NASTRAN,  NLT  had  provided  a data  processing  service  only  and  was 
con|>letely  ine)q;>«rienced  with  respect  to  scientific  con;)uter  programs.  How- 
ever, the  program  was  ijiplemented  in  approximately  one  week  and  operational 
in  less  than  one  month  on  the  IBM  370,  Model  155  and  the  IBM  360,  Model  65 
conputers*  The  primary  difficulty  encointered  in  the  in^lementation  of  the 
program  was  NLT^rsonnel's  lack  of  familarity  vrith  the  OS  operating  system* 
(NLT  uses  the  DCS  operating  system  for  their  data  processing  services*)  Minor 
problems  occurred  ^ to  a reluctance  to  believe  the  disk  space  requirements 
of  NASTRAN*  Some  check-out  problems  were  encouitered  in  the  execution  of 
the  demonstration  problems  because  of  core  size  requirements*  Further,  the 
pinched  output  for  the  restart  deck  of  demonstration  problem  1-1  was  com- 
pletely unexpected*  Q[>u  times  for  the  execution  of  certain  demonstration 
problems  on  the  IBM  370/155  conputer  are  presented  in  table  1 along  with  compat 
ible  cpu  times  obtained  from  various  computers  as  given  in  reference  4. 

Although  more  specific  and  concise  docunentation  pertaining  to  the  inplemen- 
tation  would  be  desired,  the  ease  in  making  NASTRAN  operational  has  been 
substantiated*  In  all  cases,  COSMIC  was  very  prompt  in  identifying  user  prob- 
lems and  giving  a solution. 

Some  operational  problems  have  been  encountered  due  to  the  conflict  of 
NASTRAN  with  the  previous  experience  of  NLT  personnel  * A limit  of  900  cpu 
seconds  was  a standard  NLT  cooputer  exit*  This  limit  was  based  on  previous 
eimrience  vhich  normally  indicated  the  presence  of  a progranming  error  (i*e*, 
a 'hard  DO  loop')  • Execution  of  NASTRAN  has  made  them  accustomed  to  exceeding 
the  900  qiu  seocnds  restriction  vMch  is  now  deleted  front  all  NASTRAN  prob- 
lems* The  computer  operator  confused  the  OFTP  (old  problem  tape)  and  NPTP 
(new  problem  tape)  with  the  outyut  and  iiput  tq^s,  respectively*  Whether 
or  not  this  contributed  to  an  apparent  pimlem  of  tqpe  management  was  never 
identified. 

It  is  believed  that  this  arrangement  permits  smaller  engineering  depart- 
ments to  attain  a structural  analysis  opuility  that  may  otherwise  be 
iapractical  and  uneconoadcal. 
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AUXILIARY  PROGRAKS 


Since  the  different  physical  locations  of  the  Avco  engineers  and  the 
NLT  conputers  presented  a data  handling  problem,  it  was  decided  that  NASTRAN 
auxiliary  programs  would  be  installed  on  Avco  A/D's  in-house  IKI  360,  Model 
40  conputer.  Further,  those  routines  which  would  check  hand  generated  input 
data  or  automatically  generate  the  input  data  offer  an  economic  advantage  in 
the  decrease  of  aborted  analyses  (cominiter  cost)  due  to  input  errors  and  the 
reduction  of  manpower  for  data  preparation. 

A special  NASTRAN  program  which  checks  the  input  data  for  mispunched 
data  cards  and  incorrectly  transcribed  data  and  goierates  a tape  for  unde- 
formed  structure  plots  has  been  developed  for  the  IBM  360/40  corputer.  This 
program  is  functionally  equivalent  to  the  check-out  program  for  the  OX!  6000 
series  omputer  described  in  reference  3.  The  program  operates  under  the 
05  360/PCP  operating  system  and  requires  210K  bytes  of  a 256K  byte  core  and 
a disk  drive  for  perijmral  storage.  Only  ‘ sii»routine  BTSTRP  required  a 
revision  due  to  the  necessary  reduction  in  the  length  of  a GINO  buffer  from 
1803  to  250.  This  change  caused  a corresponding  reduction  in  the  default 
parameters  of  the  block  sizes  contained  on  the  PROC  job  control  card  to 
SP2-1,  BLKl-1028,  and  BUC2-1032. 

The  automated  input  data  generation  routines,  as  described  in  references 
1 and  2,  have  been  converted  from  the  QIC  6000  series  conputer  to  the  IBM 
360/40  computer.  These  routines  offer  a siibstantial  reduction  in  the  man- 
hours required  for  model  generation  since  they  recpiire  a mininun  of  input 
^ta  tdiidi  can  be  obtained  from  engineering  drawings.  This  manpower  reduction 
is  particularly  attractive  to  smaller  engineering  departments  such  as  Avco  A/D 
because  a cotplex  structural  analysis  can  be  perfoxm^  by  a minimun  nunber  of 
engineering  personnel*  In  conducting  some  recent  NASTRAN  analyses,  finite 
element  models  of  a delta  wing  and  a sequent  of  a missile  case  were  generated 
by  these  automated  routines  in  less  than  4 man-hours  each.  The  generality  of 
the  routines  was  demonstrated  in  reference  2 and  their  versatility  has  per- 
mitted the  modeling  of  a railroad  passenger  cat  by  Avco  A/D.  Another  routine 
vhich  automatically  generates  a triangtslar  or  qua^ilateral  mesh  about  a 
circular  cutout  in  a flat  panel,  as  investigate  in  reference  5,  was  modified 
to  yield  punched  NASTRAN  input  «te.  Presently,  programs  are  being  developed 
which  will  calculate  the  stiffiiess  coefficients  for  ^cialized  structiural 
eleeants  (i.e.,  reinforced  concrete  or  inUgrally  stiffened  plate  elements) 
and  pmdi  the  data  on  cards  wi^  an  input  foxmat  consistent  with  NASTRAN. 

The  contour  plotting  routines  that  are  described  and  demonstrated  in 
reference  1 have  been  converted  from  the  Q)C  6000  series  coaputers  to  the 
IBM  360/40  coaputer.  Since  Avco  A/D  lacks  an  in-house  plotting  capability, 
the  plotting  routine  has  been  modified  to  yield  a printed  output  of  the 
planar  coordinates  of  each  contour  line  to  peimit  manual  plotting.  A plotting 
service,  similar  to  the  Avoo/NLT  coaputer  amngenent,  could  be  obtains  since 
plotters  that  are  coapatible  with  the  routine  md  NASTRAN  are  available  in  the 
Neshville  area. 
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Currently,  a fully  stressed  design  techniaue  is  being  developed  vdiich 
is  almost  identical  to  the  routine  incorporated  in  the  " program  (ref.  6) 
and  the  SAVES  program  (ref.  2).  The  input  and  output  t;.iT.'>at'  ^or  this  routine 
are  c^atible  with  the  NASTRAN  output  and  input  for  ats,  res^crtively.  A 
simplified  design  criterion  for  the  sizing  of  rod  and  bar  elements  has  been 
incorporated  into  the  program. 


APPLICATIONS 


Since  the  acquisition  of  NASTRAN  by  Avco  A/D  in  October  1971,  it  has 
been  used  for  perfotroing  in*house  researdi  and  development  programs,  check* 
out  and  verification  of  auxiliary  routines,  and  analysis  of  existing 
structural  designs*  The  following  discussion  is  directed  to  three  investi- 
gations of  widely  varying  types  of  structure* 

Reinforced  Concrete  Slab  - The  purpose  of  this  study  was  to  evaluate  a 
method  of  modeling  reinforced  concrete  with  finite  elements  that  are  suffi- 
ciently accurate  and  economically  feasible.  Quadrilateral  membrane  and 
bending  plate  elements  were  used  to  represent  the  concrete  slab  and  rod 
elements  were  used  to  model  the  reinfoi'cing  rods.  The  representation  of  each 
reinforcing  rod  *#ould  yield  a finite  element  model  with  a maximun  mesh  size 
dictated  by  the  reinforcement  spacing.  Since  this  pacing  is  relatively 
small,  it  is  conventional  to  represent  several  reinforcement  rods  by  a single 
rod  eleaient  which  is  positioned  between  two  nodes  along  the  edge  of  a larger 
plate  element*  This  method  is  coanonly  called  the  lunping  technique  and 
results  in  large  rod  elements  at  the  neutral  axis  of  m plate's  cross 
sectional  area.  However,  the  reinforcanoit  rods  are  usually  displaced  to  the 
tension  side  of  the  neutral  axis  and  thus  cannot  be  included  by  the  conven- 
tional luMping  technique.  For  this  study,  continuity  of  the  reinforcing  rods 
and  concrete  (no  sliming)  was  assuaed.  The  elongations  of  the  rods  are 
considered  equal  to  mir  noimal  displaoeamnts  on  the  edgewise  face  of  the 
plate  element  at  the  intersecting  rods*  A linear  variatim  of  the  trans- 
lational md  rotational  displacements  is  assuwd  between  two  nodes  of  a 
particular  edge  for  conputiM  the  normal  displaceaients*  This  coagnitation  of 
the  normal  displaceamnt  at  the  reinforcement  rod  position  was  accoeplished 
by  use  of  the  multipoint  constraint  equations  contained  in  NASTRAN. 

The  subject  of  the  irivestigation  was  a square,  simply  supported,  rein- 
forced concrete  slab  with  reinforcing  rods  spaced  at  2S.4  cm.  intervus  along 
each  609*6  cm.  edge.  The  slab  was  20.32  os.  thidc  md  si;bjected  to  a dead 
weight  loading.  The  roinforemnent  rods  (diameter  • 1*90  cm.)  were  at  a depth 
of  3.49  cau  from  the  tension  side  of  the  concrete.  The  non-linear  properties 
of  the  concrete  due  to  its  inability  to  withsund  tensile  stresses  were 
neglected.  Model  mesh  sites  of  4 x 4 md  6x6  (corresponding  to  element 
sites  of  152.4  X 152*4  SS;  mnd  101.6  x 101.6  cm*,  respectively)  were  investi- 
gated* Figure  1 presents  a ooo|)arison  of  tOie  rod  stresses  for  eadr  NASTRAN 
malysis  with  the  theoretical  results  determined  from  closed  form  equations 
on  page  Vi6  of  reference  7.  Figures  2 mid  3 show  a coeparison  of  the  maximua 
comiressi'O  stresses  in  the  concrete  mnd  lateral  displacement  of  the  slab, 
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respectively*  Whenever  necessary*  NASTRAN  results  are  extrapolated  to  the 
desired  locations* 

Ihe  coarse  mesh  model  (4  x 4)  required  218  cpu  seconds  for  a solution 
on  the  IBM  370/155  computer  and  260  cpu  seconds  vere  required  for  an  IBM 
360/65  computer  solution  of  the  fine  mesh  model  (6  x 6)  using  Level  12 
NASTRAN*  Due  to  the  difference  in  problem  site*  it  was  not  possible  to 
evaluate  the  confuting  speed  of  the  different  centers*  However*  the 
prohibitive  time  required  for  processing  and  manipulating  multipoint  con- 
straint relationships  was  indicated  by  this  investigation,  i^roxiniately 
201  of  the  total  q>u  time  was  used  on  the  multipoint  constraints  for  each 
model*  It  is  because  of  this  time  penalty  that  the  previously  mentioned 
auxiliary  program  for  generating  NASTRAN  pinched  input  of  stiffiness  coef- 
ficients for  specialized  structural  elements  is  being  developed.  The 
NASTRAN  run  time  will  be  further  reduced  by  the  time  required  to  calculate 
the  stiffimess*  Obviously*  the  NASTRAN  output  would  have  to  be  used  in  an 
additimal  auxiliary  program  to  determine  the  actual  internal  loads  and 
stresses  (i.e**  axial  stress  in  reinforcement  rods)* 

Ihese  preliminary  NASTRAN  results  show  good  agreement  with  theoretical 
results*  Further  validation  of  the  computational  efficiency  and  accuracy  is 
required  when  the  auxiliary  routines  become  operational.  This  metliod  is 
also  applicable  to  integrally  stiffened  or  semi-monoooque  panels  and  other 
structures  vdieiein  an  assemblage  of  finite  elements  is  represented  by  a 
discrete  structural  element* 

Structural  Effects,  of  Wing  Vfrittiflng  ‘ 'Hiis  study  was  primarily 

initiated  to  check  out  the  lifting  surface  data  generation  routine*  To 
provide  additional  NASTRAN  experience*  it  was  decided  to  conduct  a siirple 
design  stady  to  evaluate  the  change  in  stiffiitess  and  strength  due  to  camber 
variations  of  a wing*  The  %ring  has  a delta  planform  and  a modified  diamond 
airfoil  section  wiu  a 3%  maximuR  thiclousss*  A uniform  pressure  loading  was 
mlied  to  the  structural  ludel*  For  a maxi  min  camber  of  1*501  chord*  the 
finite  element  model  is  identical  to  the  luqped  finite  element  model  of  the 
baseline  wing  structure  used  in  the  study  described  in  reference  2*  The 
normalized  tip  deflection  and  stress  distribution  in  the  lower  surface  skins 
near  the  wing-fuselage  intersection  fbr  varying  amoimts  of  camber  are  shown 
in  figure  4* 

The  finite  element  amdel  of  each  %dng  configuration  is  identical  except 
for  the  'out  of  pUne'  geometry  dmnges  caused  w camber  variaticais*  If 
everything  ramaina  the  saam  eacoapt  for  wing  oonfiguretion*  the  qpu  time 
should  be  constant*  Althomh  there  %«s  soma  tmeiqplained  but  minor  variations 
in  the  cpu  times*  approadmately  490  and  sao  aeconds  were  required  for  NASTRAN 
Level  12  solutions  on  the  IBM  360/65  and  IBM  370/lSS  computers,  respectively* 
These  times  are  contradictory  and  have  not  been  e)q>lained  by  NLT  systems 

Krsonnel  except  to  speculate  that  it  could  be  due  to  the  operating  system, 
all  cases*  the  06/MVT/HASP  operating  system  was  used* 

JilMXSRiri?  * This  stu^  was  initiated  to  detensine  a possible  cause 
for  observable  damage  on  Avco  designed  and  manufactured  missile  case  sections 
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due  to  operational  trsisportation  conditions,  llie  objective  of  the  investi- 
gation was  to  determine  the  cause  of  the  damage  and  study  possible  design 
changes  in  the  transporter  to  prevent  the  re-occurrence  of  structural  damage. 
Ihe  sections  of  concern  are  lightweight  honeycomb  shells  with  ring  frames  at 
the  ends  of  each  section.  The  damage  occurred  at  one  of  the  transporter's 
siq^rt  saddles  which  was  located  such  thct  the  honeycomb  shell  would  rest 
on  it.  The  missile  case  sections  were  modeled  by  OQUADI  elements  for  the 
shells  and  OAR  elements  for  the  frames.  The  loads  apx>lied  to  the  models 
were  in  accordance  with  loading  conditions  used  for  testing*  Clanged  boundary 
condi'wions  were  assumed  at  the  intersection  of  the  honeycomb  structure  and 
the  relatively  thick-walled  back-v|)  structure.  Those  grid  points  in  contact 
with  the  saddle  were  not  allowed  to  translate  in  the  lateral  direction. 

Results  from  a correspond^  analysis  and  the  test  condition  are  shown  in 
figure  S in  tdiich  the  variation  of  the  outer  face  sheet  longitudinal  (membrane) 
stress  about  the  circumference  of  the  shell  is  presented.  The  variation  of 
the  test  data  (*  e and  - e)  is  due  to  the  lack  ox  symnetry  of  the  structure 
caused  1^  cutouts  for  doors  and  access  ports.  Although  a good  correlation  of 
NAST^  and  test  data  was  obtained,  some  variations  should  be  expected  since 
the  cutouts  were  ignored  in  the  finite  element  model*  However,  a NASTRAN 
analysis  did  predict  a core  shear  failure  at  the  exact  location  v4\ere 
observable  danuige  did  occur  as  indicated  in  figure  6. 


REOMCNnAriONS  AND  OONOUSIONS 


Based  on  the  NASTRAN  ejqMrience  obtained  to  date  at  Avco  A/D,  the 
following  chflfiges  or  improvements  would  be  desired. 

1.  The  development  of  a mathematical  technique  for  estimating  the  time 
and  core  requirements  for  finite  element  <*H)dels  of  various  sizes  md 
degrees  of  coeplexity  would  reduce  turn  aroind  tine.  This  technique 
could  be  in  the  form  of  ee|)irical  relationships  amenable  to  pro- 
gnmming  on  an  office  size  ooe|>uter. 

2.  Since  the  static  analysis  portion  of  NASTRAN  receives  the  greater 
usage,  a mini  NASTRAN  which  only  contains  the  rigid  format  1 and 
reduced  buffer  sizes  to  allow  for  execution  ui  srialler  computers 
(i.e*,  IBM  360/40)  would  probably  prove  economical. 

3.  The  margin  of  safety  pertaining  to  ooBf)ression  members  i . not  con- 
ventional ainoa  a positive  margin  of  safety  is  under  strength  and 
vice  versa  for  a NASTRAN  analysis*  This  msy  be  corrected  by  using 
a negative  m»ber  xtt  designate  the  allowable  comf  ressive  stress  ot> 
the  materials  p - aperty  card* 

In  conclusion,  the  end  continuing  maintenance  and  improve- 

ment  of  the  NASTRAN  pregrstt  has  made  it  possible  for  coipanies  with  limited 
engineering  manpower  and  ocaputer  facilities  to  attain  a proficiency  in 
at  uctural  analysis.  Prior  to  NASTRAN,  a large  amount  of  the  independent 
research  and  de^lopamnt  ftsids  was  expended  on  the  developner>t  of  structural 
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analysis  ..lethods  based  on  finite  element  techniques.  This  effort  can  now  be 
directed  to  structural  research  utilizing  NASTRAN  as  the  analysis  tool, 
^rther,  the  inplementation  of  NASTRAN  by  systems  personnel  v^o  are  completely 
inexperienced  with  scientific  programs  and  comprehension  of  the  program  by 
new  userw  attests  to  its  usability. 
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TABLE  1.  OTITARISON  OF  LE\T;L  12  EXEaTTIGN  T»ES  (0>U  SECDNES) 
FOR  NASTRAN  DRDNSTRATION  PROBLEMS 


Gon^uter  Ccnfiguraticn/Series/Model 


PTOblCTI 

Fom  § 

IBM 

IBM 

IBM 

CDC 

UNIVAC 

No. 

Version 

370/155 

360/95 

360/67 

6600 

1108 

1-1 

U 

116 

60 

108 

31 

72 

I-IA 

R 

72 

30 

102 

24 

24 

1-2 

U 

166 

84 

264 

72 

60 

1-3 

II 

242 

114 

336 

120 

96 

1-4 

U-1 

1022 

020 

1464 

666 

1020 

1-4 

U-2 

2665 

380 

-- 

■»  A 

• « 

1-5 

II 

1505 

660 

1800 

m m 

1080 

1-6 

U 

68 

48 

132 

30 

24 

1-7 

U 

251 

60 

270 

120 

90 

2-1 

U 

88 

72 

168 

30 

24 

3-1 

U-1 

1567 

720 

3900 

826 

660 

3-1 

U-2 

3088 

610 

• w 

4-1 

U 

328 

168 

486 

144 

90 

5-1 

U 

863 

408 

1134 

486 

318 
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NORMALIZED  AXIAL  STRESS 


NOTES  1.  STRESSES  AT  Ya  0,  NORMALIZED  ON 
MAXIMUM  THEORETICAL  AT  X»0 
2.  ROD  SPACING*  25.4  CM, 

SEMI-SPAN,  A- 304.8  CM. 
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□ THEORETICAL  (REF.  7) 
O NASTRAN  4X4  GRID 
V NASTRAN  6X6  GRID 


20  40  60 

PER  CENT  SEMI-SPAN 


Figure  1.  • Variation  of  rod  axial  stresses  in  a square i 
singly  supported*  reinforced  concrete  slab 
si^jected  to  a dead  weight  loading. 
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NORMALIZED  COMPRESSIVE  STRESS 


NOTES:  1.  STRESSES  AT  Y»0.  NORMALIZED  ON 

MAXIMUM  THEORETICAL  AT  X»0 
2.  SLAB  THICKNESS-20.32  CM. 
SEMI-SPAN,  A-304.8  CM. 

Y 


Figure  2.  * Verietion  of  concrete  oonpresslve  stresses  in  a square 
sisply  siimorted,  reinforced  concrete  slab 
subjected  to  a dead  v«ight  loading. 


NORMALIZED  LATERAL  DEFLECTION 


NOTES:  1.  DEFLECTION  AT  YsO,  NORMALIZED  ON 
MAXIMUM  THEORETICAL  AT  X-0 
2.  SEMI-SPAN,  A»304.8  CM. 


Figure  3«  - Variation  in  lateral  deflection  of  a square, 
siaiply  siyiported,  reinforced  concrete  slab 
subjected  to  a dead  weight  loading. 
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Figurt  4»  • Strtfs  dictributian  near  wing-fuaelage  intersection 
and  nonalized  tip  deflection  for  vatyutg  degrees  of  canber. 
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LONGITUDINAL  STRESS,  KN/M 


o TESTDATA+e 

□ TESTDATA-0 
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Figurt  5.  - Variation  of  outer  face  sheet  longitudinal  stress 
at  M.S*  70. S for  synmetric  vertical  loading. 
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Figurt  6.  * CiroiRferential  transverse  shear  flow  (core) 
for  cradle  sv|>port  enclosed  angle  • 90* 
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STATIC  AND  DYNAMIC  HELICOPTER'  AIRFRAME 
ANALYSIS  WITH  NASTRAN 
By  H.  E.  Wilson  and  J,  D.  Cronkhite 
Bell  Helicopter  Company 


SUMMARY 


The  use  of  NASTRAN  at  Bell  Helicopter  Company  for  structural  static  and 
dynamic  analysis  of  a helicopter  airframe  is  described.  Analysis  of  air- 
frame internal  loads,  main  rotor  isolation  systems,  and  airframe  vibration 
is  discussed.  The  use  of  each  rigid  format  for  these  types  of  analysis  is 
summarized.  Suggested  improvements  to  NASTRAN  to  increase  its  effectiveness 
in  performing  helicopter  airframe  analysis  are  given. 


INTRODUCTION 


Before  the  availability  of  large  finite  element  programs,  internal  loads 
were  calculated  from  two-dimensional  shear  and  moment  diagrams  and  the 
dynamic  behavior  was  approximated  with  a Mykles tad- type  beam  analysis.  After 
the  development  of  NASTRAN,  and  other  similar  programs,  more  exact  analyses 
could  be  performed.  However,  before  NASTRAN  can  be  executed,  the  helicopter 
airframe  must  be  represented  as  a three-dimensional  finite  element  model 
which  Involves  generation  of  a large  amount  of  input  data  to  define  the 
structure.  A typical  airframe  structural  model  is  shown  in  figure  1.  In 
addition  to  developing  a structural  model,  the  problem  of  distributing 
structural  and  nonstructural  weight  to  the  appropriate  areas  of  the  finite 
element  model  proved  to  be  a time  consuming  and  tedious  task  requiring  many 
judgmental  decisions.  An  automated  procedure  for  distribution  of  weight 
items  to  the  structural  model  was  devised  so  that  NASTRAN  could  be  used 
efficiently  for  both  static  and  dynamic  structural  analysis. 


AIRFRAME  STATIC  ANALYSIS 


A static  analysis  of  a helicopter  airframe  Involves  the  determination 
of  internal  loads  and  stresses  using  NASTRAN^.  To  facilitate  the  use  of 
NASTRAN  various  preprocessor  and  postprocessor  computer  programs  vjere 
written.  The  preprocessor  programs  include  automatic  data  generation  of 
finite  element  models  of  certain  types  of  structure  such  as  the  tail  boom, 
elevator,  and  vertical  tail  as  shown  in  figure  2.  The  representation  of  the 
inertia  loads  is  provided  with  an  interface  program  co  NASTRAN. 


pri<x;eding  page  blank  not  filmfd 
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The  interface  program  calculates  six  load  vectors  which  represent  the 
inertia  reactions  for  independently  applied  unit  translation  and  angular 
accelerations  at  the  helicopter  center  of  gravity.  By  scaling  the  inertia 
reactions  to  balance  the  applied  loads  and  applying  a set  of  determinant 
constraints,  a NASTRAN  static  analysis  can  be  done. 

Postprocessors  are  used  to  calculate  shear  flows  and  adjusted  rod  loads 
for  rod-shear  panel  type  structure,  to  scan  the  output  from  several  subcases 
and  determine  the  critical  loading  condition  for  each  element,  and  to  pre- 
sent the  output  data  in  a report  format. 

Alternate  output  from  the  inertia  distribution  program  is  concentrated 
weights  punched  on  data  cards  in  NASTRAN  format.  These  weights  may  be  used 
directly  in  a static  analysis  with  inertia  relief,  natural  frequency  analysis, 
or  dynamic  response  analysis. 


AIRFRAME  DYNAMIC  ANALYSIS 


Main  Rotor  Isolation 

Dynamic  analysis  of  the  helicopter  involves  evaluating  different  methods 
of  isolating  the  excitation  of  the  main  rotor  from  the  airframe.  These 
methods  Include  a focused  pylon^  for  isolation  of  horizontal  main  rotor 
excitation  and  nodal  beam^  for  isolation  of  vertical  excitation.  A sketch 
and  brief  explanation  of  these  systems  is  shown  in  figure  3.  NASTRAN  models 
of  these  systems  are  developed  using  bars,  linkages  (rods),  scalar  springs, 
multipoint  constraints,  and  concentrated  masses. 

Vibration  response  characteristics  of  the  isolation  system  can  be  eval- 
uated by  attaching  it  to  a rigid  body  fuselage.  Natural  frequencies,  mode 
shapes,  and  frequency  response  characteristics  of  the  main  rotor  Isolation 
system  can  then  be  determined  without  having  to  consider  the  added  com- 
plexity of  elastic  and  dynamic  effects  of  the  fuselage.  After  having 
developed  and  tuned  this  type  of  model,  the  isolation  system  is  incorporated 
into  a structural  dynamic  airframe  model  to  do  a vibration  analysis  of  the 
entire  coupled  system. 


Airframe  Vibration 

The  airframe  d3mamic  response  analysis  is  performed  by  combining  the 
main  rotor  pylon  and  isolation  system  with  the  elastic  airframe  model.  The 
airframe  model  will  be  either  an  elastic  axis  representation  made  up  of  bar 
elements  with  fuselage  section  properties  or  a built-up  three-dimensional 
representation  using  bars,  rods,  shear  panels,  and  membrane  elements  to  model 
the  structure.  The  elastic  axis  models  have  from  300  to  400  degrees  of 
freedom  and  the  three-dimensional  models  usually  have  1200  to  1400  degrees 
of  freedom  maximum. 
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A modal  approach  Is  most  often  used  for  a vibration  analysis  of  the  air* 
frame  where  the  system  degrees  of  freedom  are  reduced  below  200  and  the 
natural  frequencies  and  mode  shapes  are  computed  using  the  G1V..NS  eigenvalue 
extraction  niethod.  This  method  is  used  primarily  because  of  the  number  of 
modes  required  for  low  frequency  (0  to  50  hertz)  vibration  response  analysis, 
usually  at  least  30  modes. 

The  principal  types  of  dynamic  analysis  done  with  the  airframe  model 
are  the  following: 

(1)  Tuning  the  airframe  natural  frequencies  with  respect  to  main 
rotor  excitation  harmonics  by  making  structural  and  weight 
changes . 

(2)  Determining  the  steady  state  frequency  response  characteristics 
of  the  airframe  where  forces  and  moments  are  applied  separately 
at  degrees  of  freedota  having  excitation  sources  and  the  forcing 
frequency  is  swept  over  the  range  of  Interest  (usually  0 to 

50  hertz). 

(3)  Determining  the  steady  state  response  to  in-flight  rotor  harmonic 
excitation. 

(A)  Determining  the  transient  response  of  the  airframe  to  weapon 

firing  using  NASTRAN  and  a hybrid  computer.  The  NASTRAN  normal 
mode  data  for  the  airframe  model  is  input  to  a hybrid  computer 
program  which  confutes  the  airframe  response.  A simplified  flow 
diagram  of  the  hybrid  analysis  is  shown  in  figure  4. 


SUMMARY  OF  THE  USE  OF  NASTRAN  RIGID  FORMATS  FOR  AIRFRAME  ANALYSIS 


Rigid  Format  1 - Static  Analysis 

Rigid  format  1 is  used  to  calculate  the  internal  loads  of  the  helicopter 
for  the  different  design  loading  conditions.  The  static  structural  model 
typically  contains  2500  to  3000  degrees  of  freedom  and  is  modeled  primarily 
with  rodsi  bar»  and  shear  panels.  The  initial  run>  when  the  stiffness 
matrix  is  decomposed,  takes  about  60  cpu  minutes  on  an  IBM  360-65  computer. 
Each  succeeding  loading  condition  takes  approximately  20  cpu  minutes. 


Rigid  Format  2 • Static  Analysis  With  Inertial  Relief 

The  weight  distribution  of  the  helicopter  is  checked  with  this  rigid 
format.  It  performs  a static  analysis  of  a free  helicopter  in  flight  with 
steady  loads  applied.  The  results  from  rigid  format  2 can  be  compared  with 
those  obtained  using  format  1 to  ensure  a correct  Inertial  representation 
is  achieved. 
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Rigid  Format  3 - Normal  Mode  Analysis 

This  rigid  format  is  used  for  tuning  of  the  airframe  natural  frequencies 
with  respect  to  predominant  excitation  frequencies.  The  natural  frequencies 
and  normal  mode  data  output  from  NASTRAN  are  also  used  in  other  programs 
such  as  the  hybrid  computer  program  previously  discussed  or  combined  with 
main  rotor  analysis  programs  to  determine  the  response  of  the  coupled  rotor 
and  airframe. 

The  flexibility  matrix  ([K]“^)  and  mass  matrix  are  output  and  used  in 
a flutter  program.  The  natural  frequencies  and  mode  shapes  for  the  zero 
velocity  case  are  compared  to  the  NaSTRAM  results  as  a check  on  the  flutter 
program. 


Rigid  Format  k • Static  Analysis  With  Differential  Stiffness 

Rigid  format  4 has  been  used  for  designing  the  static  stops  for  the  main 
rotor  pylon  support  system.  The  use  of  differential  stiffness  reduced  the 
loads  caused  by  crash  conditions,  thus  saving  weight  in  the  design.  The 
inclusion  of  second  order  differential  stiffness  effects  would  allow  NASTRAN 
to  be  used  to  solve  several  other  structural  problems  such  as  tension 
stresses  developed  in  membrane  plates  due  to  transverse  pressures. 


Rigid  Format  5 - Buckling 

The  stability  analysis  in  NASTRAN  is  used  on  a limited  basis.  Many 
degrees  of  freedom  are  required  to  obtain  an  accurate  solution  to  a built- 
up  three-dimensional  model.  A buckling  analysis  was  performed  on  a heli- 
copter tail  boom.  For  a model  containing  1800  degrees  of  freedom,  NASTRAN 
predicted  an  eigenvalue  of  6 when  using  the  limit  design  loads.  The  analysis 
took  over  4 epu  hours.  It  was  felt  this  eigenvalue  was  too  high,  but  to 
remodel  finer  and  probably  reduce  the  eigenvalue  would  take  excessive  epu 
time. 


Rigid  Format  6 - Piecewise  Linear 

The  piecewise  linear  solution  in  NASTRAN  has  never  been  used  success- 
fully. It  could  be  a very  helpful  analytical  tool  if  it  functioned  properly. 


Rigid  Format  7 - Direct  Complex  Eigenvalue  Analysis 

This  rigid  format  is  time  consuming.  An  inq>roved  complex  eigenvalue 
routine  is  desired,  a preferred  method  would  be  a QR  algorithm  such  as  the 
available  ALLMAT  routine^. 
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Rigid  Fo^  ..■  8 - Direct  Frequency  Response  Analysis 

Internal  osc;:i'‘.ory  loads  and  stresses  for  the  response  to  rotor  har- 
monic excitation  t.  - alculated  with  rigid  format  8.  This  rigid  format 
would  seldom  b.  . ■■••j  If  the  mode  acceleration  technique  in  rigid  format  11 
worked  on  t..'  t ’ 15.1  version  of  NASTRAN. 


Rigid  Format  9 - Direct  Transient  Response 

Rigid  format  9 is  used  to  calculate  transient  internal  loads  and 
stresses  for  such  problems  as  panel  response  to  blast  overpressures,  air- 
frame response  to  gun  recoil,  and  landing  loads.  As  with  rigid  format  8, 
this  rigid  format  would  seldom  be  used  if  the  mode  acceleration  technique 
worked  in  rigid  format  12. 


Rigid  Format  10  - Modal  Complex  Eigenvalue  Analysis 

As  in  rigid  format  7,  run  times  have  been  excessive.  An  improved  com- 
plex eigenvalue  method  is  needed  to  make  use  of  this  rigid  format  practical. 


Rigid  Format  11  - Modal  Frequency  Response  Analysis 

Rigid  format  11  is  used  to  analyze  steady  state  response  of  the  airframe 
to  harmonic  excitation  with  varying  frequencies  to  simulate  shake  test 
results.  It  is  also  used  to  analyze  steady  state  response  to  in-flight 
rotor  harmonic  excitation.  Mode  acceleration  is  required  to  obtain  internal 
loads.  In  our  current  level,  15.1,  it  does  not  work.  Therefore,  to  get  the 
internal  loads,  rigid  format  8 must  be  executed. 


Rigid  Format  12  - Modal  Transient  Response  Analysis 

This  rigid  format  is  used  to  analyze  transient  response  problems  as 
described  in  rigid  format  9. 


OMAP  Approach 

DMAP  programaing  has  been  found  difficult  to  use.  However,  some  MAP 
alters  are  made.  DMAP  alters  are  used  to  obtain  special  output  to  be  used 
in  other  analyses.  Mode  printout  and  normal  mode  plotting  are  altered  into 
rigid  format  11.  DMAP  is  used  to  add  differential  stiffness  to  real  eigen- 
value analysis  to  determine  centrifugal  stiffening  effects  on  rotor  blades. 
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NASTRAN  has  been  found  tc  be  very  useful  in  performing  aircraft  struc- 
tural analysis.  When  coupled  with  preprocessor  and  postprocessor  programs, 
it  has  been  used  very  efficiently  and  effectively  in  th  design  environment. 
It  is  felt,  though,  that  NASTRAN *s  effectiveness  can  be  greatly  enhanced 
for  our  use  with  the  following  incorporations: 

(1)  Fix  the  mode  acceleration  technique  in  rigid  formats  II  and  12, 

(2)  An  improved  complex  eigenvalue  solution  is  needed  in  rigid  formats 
7 and  1C. 

(3)  Add  rotating  bea^..  dynamic  effects  such  as  the  addition  of  Coriolis 
acceleration  terms . 

(4)  Add  rotary  transformation  from  rotor  blade  rotating  system  to  the 
fixed  aiti.rame  system, 

(5)  Rotor  blade  aerodynamics  should  be  included  along  wi*“h  (3)  and  (4) 
for  analysis  of  the  coupled  rotor  and  airframe, 

(6)  Second  order  differential  stiffness  terms  need  to  be  added  in 
rigid  format  4. 

(7)  Piecewise  linear  analysis  should  be  improved. 


} 
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RESPONSE  ANALYSIS  OF  AN  AUTOMOBILE  SHIPPING  CONTAINER 
By  Lo-Chlng  Hua 

Analytical  Engineering  Services > Inc. 

and  Sang  H.  Lee  and  Bradford  Johnstone 
Pullman- S tandard 


INTRODUCTION 

Rail  shipment  of  automobiles  on  open  rack  cars  has  bet/i  plagued  with  heavy 
damage  claims.  To  alleviate  this  problem,  systems  are  needed  to  enclose  the 
automobile  more  fully  d;irin,5  transit  and  to  mechanize  the  loading  and  vinloading 
operations.  The  Stac-Pac  system  was  developed  to  meet  this  need  by  Southern 
Pacific  Transportation  Con^iany. 

The  system  consists  of  flatcars,  Stac-Pac  containers,  and  special  loading 
and  unloading  equipment.  Each  27.2-m  (89  1/3  ft)  piggyback-type  flatcar  car- 
ries four  containers.  Three  full-size  automobiles  are  carried  in  each  contain- 
er. The  containers  are  loaded  close  together  on  the  flatcar  ro  that  the  auto- 
mobiles are  fully  protected  during  shipment  from  manufacturer  to  distribution 
terminal. 

Pullman-Standard  developed  a container  design  for  the  Stac-Pac  system  and 
conducted  vibration  tests  to  verify  the  syston  structural  integrity.  A dynamic 
analysis  was  also  made,  using  KASTRAN,  and  the  results  of  the  test  and  analysis 
are  compared  in  this  paper. 


AUTOMOBILE  SHIPPING  CONTAINER 

The  Stac-Pac  container  built  by  Pullman-Standard  is  made  of  hot-rolled 
steel  (fig.  1).  The  enclosure  of  the  container  is  made  of  thin  steel  sheet. 

It  serves  the  dual  purpose  of  protecting  the  automobile  and  functioning  as 
shear  panels  for  the  structure.  The  side  posts,  deck  system,  and  automobile 
restraining  mechanism  are  made  of  steel  sheets  and  formed  structural  shapes. 

All  the  substructures  are  welded  assemblies.  The  container  structure  is  then 
assembled  from  these  substructures  with  friction-type  bolts.  This  production 
method  has  made  the  container  structure  to  be  effective  against  dynamic  loads. 

The  outside  dimensions  of  the  container  are  approximately  2.U  m (6  ft)  in 
width,  U.6  m (15  ft)  in  height,  and  6.1  m (20  ft)  in  length.  This  size  will 
fit  the  flatcar  construction  and  satisfy  the  rail  transport  regulations.  Vi th- 
in this  allowable  space,  the  container  has  to  be  designed  to  carry  tlnree  full- 
size  sedans.  It  is  interesting  to  note  that  the  tight  spatial  requirement  has 
made  the  designing  task  very  challenging. 

Recent  shipments  of  automobiles  in  this  type  of  container  has  reduced  the 
damage  rate  to  a negligible  level.  Eventually,  the  fleet  of  flatcars  and  con- 
tainers will  probably  extend  the  automaker's  production  line  to  the  dealer's 
show  room.  In  view  of  the  large  production  potentla''  and  the  length  of  service 
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life,  it  is  very  desirable  to  optimize  the  c >uti_ir.e:  to  minimize  the  cost  of 
construction  and  maintenance.  Pullman-Standard  has  carried  out  extensive  de- 
signing and  testing  programs  and  has  chosen  NASTRAN  as  the  analytical  tool  to 
achieve  this  optimization.  The  euialytical  and  experimental  results  and  the 
correlation  €u:e  reported  herein. 


VIBRATIONAL  TLST 

The  vibrational  test  wets  carried  out  for  the  purposes  of  detemining  the 
response  of  the  structure  under  simulaUeu  rail  transport  environment  and  evsQ.u- 
ating  the  fatigue  life. 

A 27.2-m-long  (89  1/3  it)  flatcea*  normally  used  for  carrying  Stac-Pac  con- 
tainers was  the  test  bed.  The  container  was  mounted  at  one  end  of  the  flatcar. 
The  end  position  containers  axe  usually  subjected  to  maximum  road  excitation. 

A variable-speed  shaker  consisting  of  two  ecoentvlcally  mounted  rotating  disks 
was  located  approximately  0.6  m (2  ft)  from  the  open  end  of  the  container  with 
the  axes  of  rotation  parallel  to  the  long  axis  of  the  flatcar.  In  this  parti- 
culeir  test,  the  initial  position  and  phase  lag  of  the  disks  were  arranged  so 
that  the  maximum  vertical  and  horizontal  excitation  would  occur  in  phase. 

For  the  purpose  of  monitoring  test  data,  a number  of  strain  gages  and 
accelerometers  were  mounted  on  the  container  at  key  locations.  During  the  test, 
the  time  histories  of  these  strains  and  accelerations  were  directly  recorded  on 
photosensitive  paper. 

Vibration  amplitudes  and  test  frequencies  were  based  on  road  test  data. 

In  this  test,  two  frequencies  of  ^.0  and  6.2^  Hz  were  used  (l  Hz  = 1 cps).  The 
maximum  acceleration  at  the  base  of  the  front  post  of  the  container  is  approxi- 
mately O.Ug  and  0.7g  for  the  ^.0-Hz  and  6.25-Hz  excitation,  respectively.  The 
fatigue  test  was  performed  with  ^0  hours  of  continuous  excitation  at  6.23  Hz. 
During  this  period  of  ^0  hours,  the  structure  of  the  container  would  encounter 
about  1 million  cycles  of  stress  reversal  at  the  anqplltude  level  Indicated  by 
the  aiorementioned  0.7g  acceleration.  There  was  no  failure  of  structural  mem- 
bers or  connections  at  the  end  of  the  test.  The  accelerations  and  strains  re- 
corded show  good  correlation  with  the  theoretical  results  computed  by  NASTRAN. 
Representative  sets  of  data  are  presented  in  figure  2. 


THEORETICAL  ANALYSIS 

NASTRAN  Rigid  Format  8,  Direct  Frequency  Response,  was  used  for  theoretlced 
analysis.  The  first  part  of  the  analysis  was  done  on  the  container  structure 
alone  with  a 32  grid  point  model.  This  small  model  served  as  a pilot  analysis 
for  the  purposes  of  studying  the  general  dynamic  behavior  of  the  container  and 
verifying  the  proper  running  of  NASTRAN  on  a CDC  6400  computer  under  Operating 
System  Scope  3.4. 

The  final  response  analysis  was  performed  with  a model  which  included  the 
shaker,  container,  and  flatcar.  The  model  had  lk3  grid  points  and  300  CBAR  and 
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6t  CSHEAR  elements.  Two  major  assvimptlons  were  made  in  the  process  of  formulat- 
ing the  model.  First,  the  formed  structural  shapes  were  assumed  to  be  capable 
of  resisting  all  the  moment  euid  force  components.  Second,  the  thin  steel  sheets 
were  assumed  to  be  functioning  as  shear  panels  only.  The  correlation  between 
the  theoretical  and  experimentail  accelerations  shown  in  figure  2 indicates  that 
the  assumptions  were  correct. 

The  theoretical  model  is  supported  by  two  hinges  at  the  center  plates  of 
the  flatcar.  Therefore,  free-free  rotational  vibration  is  allowed  about  the 
axis  passing  through  these  two  hinges.  The  COUPMASS  feature  in  NASTRAN  was  used 
to  obtedn  an  even  mass  distribution  of  the  model.  The  centrifugsa.  forces  gener- 
ated by  the  rotation  of  the  disks  of  the  shaker  were  used  as  the  input  excitation. 
The  responses  of  the  container  were  computed  by  NASTRAN  in  terms  of  grid  point 
displsMsements  and  accelerations  as  well  as  forces  and  stresses  in  the  structural 
elements.  The  output  of  the  program  gives  the  response  quantities  in  the  form 
of  magnitude  euid  phase  angle.  Both  the  print  and  punch  options  were  requested 
in  the  output.  The  csurd  Images  of  punch  file  are  stored  on  magnetic  tapes. 

These  data  will  be  reprocessed  by  an  in-house  program  to  compute  the  responses 
of  the  container  at  36  time  Intervals  in  the  excitation  cycle.  The  Instantaneous 
structural  deformations  at  each  interval  will  be  plotted  to  serve  as  visual  aids. 
Both  the  5«0-Hz  and  6.25-Hz  responses  were  computed.  The  calculated  accelerations 
are  shown  in  figure  2. 


CONCLUDING  REMARKS 

The  ansdytical  results  from  NASTRAN  have  correlated  well  with  the  experi- 
mental data.  NASTRAN  has  proved  to  be  a powerful  tool  in  this  application  of 
analyzing  railroad  transportation  equipment.  In  x>articular,  NASTRAN  can  be  used 
to  optimize  memy  design  pcurameters  with  a reasonable  amount  of  time  and  expendi- 
ture and  to  minimize  repetitious  testing  procedures  and  prototype  improvement  in 
further  refinement  of  the  container  design. 

In  the  railroad  Industry,  a trlal-and-error  approach  using  static  analysis 
and  testing  has  been  the  general  practice.  Dynamic  analysis  heis  not  been  applied 
in  designing  railroad  equiiment  except  in  a few  cases.  The  dynamic  analysis  re- 
ported herein  indicates  that  a substantial  saving  in  cost  and  time  can  be  real- 
ized in  new  product  development  compared  with  the  conventional  approach. 

The  COUPMASS  feature  in  NASTRAN  helps  to  distribute  the  masses  of  the 
container  more  evenly  with  a relatively  small  number  of  grid  points  available 
in  the  theoretical  model.  It  is  a very  useful  option. 

The  direct  solution  technique  that  computes  the  total  response  solutions  in 
one  single  run  is  far  simpler  than  the  modal  analysis.  Direct  solution  frees 
the  analyst  from  the  time  consuming  effort  of  computing  and  identifying  the  many 
vibrational  modes  to  obtain  the  total  response  solution.  Although  the  computing 
cost  of  direct  solution  is  higher,  the  added  cost  is  con^ensated  by  the  saving 
in  time  and  effort. 
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SUMMARY 

This  paper  describes  the  experiences  of  the  implementation  of  the  NASTRAN 
system  on  the  CDC  CYBER  74  SCOPE  3.4  Operating  System.  This  Operating 
System  is  relatively  new;  however , due  to  the  great  flexibility  of  the  NASTRAN 
system,  no  major  problems  were  encountered. 


INTRODUCTION 

The  implementation  was  fairly  straightforward.  Only  minor  changes  were  made. 
Various  sizes  of  benchmark  and  test  problems,  ranging  from  two  hours  to  less 
than  one  minute  CP  time,  were  run  on  CDC  CYBER  SCOPE  3.3,  UNIVAC  EXEC-8 
and  CDC  CYBER  SCOPE  3.4.  No  numerical  discr^ancy  was  found  on  the  ou^uts 
of  these  test  problems. 


PROGRAM  IMPLEMENTATION 

The  NASTRAN  system  was  installed  from  the  Level  15. 1. 1 executable,  TAPE  1. 

This  is  accomplished  by  first  making  a library  from  the  third  file  of  the  COSMIC 
supplied  TAPE  3.  This  is  needed  by  the  NASTRAN  boot  program  to  satisfy  externals 
(also  to  guarantee  that  SCOPE  3.4  routines  would  not  come  in  and  Interfere).  Second, 
a small  COMPASS  program  called  APACTGR  is  placed  as  the  second  record  in  the 
BOOT  overlay.*  The  SCOPE  utility  routine  COPYN  is  used,  and  the  resulting  file* 
name  must  be  TAPE  1.  This  edited  file  may  now  be  used  to  execute  NASTRAN.  The 
deck  is  listed  below. 

*This  was  suggested  by  Dr.  James  Rogers,  Langley  Research  Center,  NASA. 
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At  present  NASTRAN  cannot  be  updated  under  SCOPE  3.4.  The  LRC  compiler  will 
not  execute  on  our  system  and  NASTRAN  FORTRAN  is  not  compatible  with  either 
RUN  or  FTN.  Also,  the  NASTRAN  COMPASS  routines  have  to  be  modified  to  inter- 
face properly  with  6RM.  This  updating  problem  can  be  fixed  by  acquiring  LRC  com- 
piler source  and  LRC  library  and  correcting  the  SCOPE  3.4  interface  problem. 


NASTRAN  INSTALLATION  DECK 

NASTRAN, MT2.T6000.  JIM  GO 

A CC0UNT(PW=JG0123 , UN=vJIMCGO) 

REQUEST, TP1,HY,VSN=TAPE1.  NASTRAN  TAPEl 
REQUEST, TP3,HY,VSN=TAPE3.  NASTRAN  TAPE3 
BFL(300000) 

COMPASS.  ASSEMBLY  APACTGR 

REWIND(LGO) 

COPYN(,  TAPEl , TPl , LGO)  EDIT  IN  APACTGR 

SKIPF(TP3,2,17,B)  SKIP  TO  NASTRAN  LIBRARY 

COPYBF(TP3 , LIB)  COPY  TO  DISK 

UNLOAD(TPl) 

UNLOAD(TP3) 

REQUEST , NASTUB , *PF . 

EDITLIB.  MAKE  USERS  LIBRARY 

CATA  LOG(NAST  liB , NASTRAN  LIBRARY , ID^IMCGO) 
LIBRARY(NASTLIB)  DECLARE  USERS  LIBRARY 
REQUEST,  NASTRAN,  ♦PF. 

TAPEl.  CATLOG(NASTRAN) 

EXIT.  HAVE 

CATALOG(NASTRAN,  NASTRAN15,  ID=JIMCGO,  XR=^IMCGO) 
NASTRAN.  ATTACH 


IDENT  APACTGR 

ENTRY  APACTGR 

APACTGR  DATA  0 

EQ  APACTGR 

END 


1.1. TPl 

1.1. LGO 
1,*,TP1 

tf 

LIBRAR  Y(NASTLIB , NEW) 
ADD(*.UB) 
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FINISH. 

ENDRUN. 

ID  BAR,  OFFSET 
SOL  1,0 

APP  DISPLACEMENT 

TIME  5 

CEND 

TITLE  = BAR  OFF  SET  TEST  RUN  WITH  UNIFORM  LOAD 
LOAD  = 1 

MAXLINES  = 10000 
LINE  = 38 
SPCFORCE  = ALL 
STRESS  = ALL 
DISP  =ALL 
BEGIN  BULK 
GRID  1 


123456 


GRID 

2 

2.5 

-4.0 

GRID 

3 

5.0 

123*='56 

GRID 

4 

5.0 

123^:56 

CBAR 

1 

1 

1 

2 

4 

2 

+B1 

+B1 

-5. 

-4. 

CBAR 

+B2 

2 

1 

2 

3 

4 

5. 

-4. 

2 

+B2 

PBAR 

1 

1 

1.0 

2.0 

2.0 

1.0 

1000. 

+PB1 

+PB1 

2.0 

1.0 

-2.0 

-1.0 

2.0 

-1.0 

-2.0 

1.0 

+PB2 

+PB2 

1.0 

1.0 

MATl 

1 

3 +7 

1.2+7 

0.0 

6.5-6 

70. 

0.02 

+M1 

+M1 

2.0-»4 

20. +3 

1.8+4 

GRAY 

1 

l.O 

-1.0 

ENDDATA 

7^ 
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PROGRAM  CHECK  RUNS 


The  benchmark  and  test  problems  employed  range  from  more  than  two  hours  to 
less  than  one  minute  CP  time.  Most  ot  these  are  actual  reactor  hardware  problems 
that  we  are  analyzing.  These  problems  were  run  on  CDC  SCOPE  3.3,  UNIVAC 
EXEC-8  and  CDC  SCOPE  3.4  The  numerical  ou^ts  are  almost  identical  between 
UNIVAC  EXEC-8  and  CDC  and  identical  between  CDC  SCOPE  3.3  and  3.4. 

Some  typical  run  times  and  charge  times,  together  with  the  brief  description  of 
the  test  problems,  are  shown  as  follows: 

Test  problem  1 has  994  GRID  points  and  about  2500  DOF.  The  model  consists 
only  of  plate  elements.  The  run  time  shown  was  for  static  analysis. 

Test  problem  U has  216  GRID  points  and  about  500  dynamic  DOF.  The  model 
consists  of  plate  and  bar  elements.  The  run  time  shown  was  for  normal  mode 
analysis. 


Run  Time 
Sec. 

Problem 

CDC  CYBER 

CDC  CYBER 

No. 

SCOPE  3.3 

SCOPE  3.4 

CP 

3316 

3504 

I 

10 

10949 

411 

Charge  Time 

9972 

7369 

CP 

1557 

1708 

n 

10 

3223 

291 

Charge  Time 

4046 

3683 
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WORK  m PROGRESS 


We  are  currently  implementing  some  special  features  into  the  NASTRAN  system 
for  our  particular  needs.  Among  these  are:  (a)  incorporating  some  non-linear 
material  ci^abilities  which  are  in  the  formulation  stage;  (b)  creating  a seismic 
analysis  Rigid  i*  crmat  which  will  be  based  on  Rigid  Format  3;  and  (c)  replacing 
the  NASTRAH  plotUng  package  with  CALCOMP'S. 


CONCLUSIONS 

The  implementation  of  NASTRAN  on  CDC  SCOPE  3.4  encountered  only  a few 
minor  problems  which  were  readily  corrected.  This  CYBER  74  SCOPE  3.4 
Level  15.1.1  NASTRAN  is  now  functioning  as  well  as  the  other  versions. 

With  similar  hardware  configuration,  the  CP  time  is  about  the  same  between 
SCOPE  3.3  and  3.4;  however,  the  lO  time  of  SCOPE  3.4  showed  a significant  improve- 
ment over  SCOPE  3.3.  The  results  obtained  on  CDC  CYBER  and  UNIVAC  1108  are 
fairly  close  to  those  obtained  by  NASA.  Many  of  the  structural  models  had  to  be 
reduced  in  size  in  order  to  run  them  on  UNIVAC  1108;  with  CYBER  7.4  SCOPE  3.4  we 
are  now  able  to  run  all  our  structural  problems  without  extensive  model  condensation. 
This  makes  the  application  of  the  NASTRAN  system  to  large  structural  problems 
more  straightforward  and  reduces  extensive  reliance  on  users*  engineering  Judgment 
in  structural  modeling.  We  also  believe  this  version  will  enable  us  to  extend  the 
capability  of  NASTRAN  to  non-linear  material  and  geometry  structural  problems  iu 
the  near  future. 
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A METHOD  FOR  TRANSFERRING  NASTRAN  DATA 
BETWEEN  DISSIMILAR  COMPUTERS 
By  James  L.  Rogers,  Jr. 

NASA  Langley  Research  Center 


INTRODUCTION 


The  NASTRAN  computer  program  is  capable  of  executing  on  three  different 
types  of  computers:  namely,  the  CDC  6000  series,  the  IBM  360-370  series,  and 

the  UNIVAC  1100  series.  A typical  activity  requiring  transfer  of  data  between 
dissimilar  computers  is  the  analysis  of  a large  structure  such  as  the  Space 
Shuttle  by  substructuring.  Models  of  portions  of  the  vehicle  which  have  been 
analyzed  by  subcontractors  using  their  computers  must  be  integrated  into  a 
model  of  the  complete  structure  by  the  prime  contractor  on  his  computer. 

Presently  the  transfer  of  NASTRAN  matrices  or  tables  between  two  different  types 
of  computers  is  accomplished  by  punched  cards  or  a magnetic  tape  containing 
card  images.  These  methods  of  data  transfer  do  not  satisfy  the  requirements  for 
intercomputer  data  transfer  associated  with  a substructuring  activity  because 
(1)  accuaracy  will  be  lost  due  to  the  precision  limitations  (10  significant 
digits)  of  the  NASTRAN  Direct  Matrix  Input  (DMI)  ptinched  card,  and  (2)  large 
order  matrices  tuke  card  handling  too  cumbersome. 

To  provide  a more  satisfac*  ir>  transfer  of  data,  two  new  programs,  RDUSER 
and  WRTUSER,  were  created  (ref.  1).  These  two  programs,  used  in  conjunction 
with  the  NASTRAN  modules  0UTPUT2  and  INPUTT2  available  in  Level  IS  and  later 
versions  of  NASTRAN,  allow  data  to  be  transferred  between  computers  without  loss 
of  accuracy  and  without  handling  large  deck;,  of  punched  cards.  The  purpose  of 
this  paper  is  to  describe  both  the  method  used  for  data  transfer  and  the  special 
features  of  the  utility  programs  ROUSER  and  WRTUSER.  Although  data  may  come  from 
any  computer  program  using  the  NASTRAN  user  tape  format,  examples  In  this  paper 
trill  be  confined  to  NASTttAN  data  since  RDUSER  arrd  WRTUSER  were  written  with  tne 
NASTRAN  user  in  mind. 


OVERVIEW  OF  PROGRAMS 


Beginning  with  Level  15,  NASTRAN  provided  the  capability  of  using  FORTRAN 
WRITE  statements  to  write  intermediate  data  blocks  (matrices  or  tables)  on  a 
magnetic  tape.  Thlw  was  mode  possible  by  the  NASTRAN  module  0UTPUr2  rhlch  has 
the  following  calling  sequence: 

0UTPUT2  DBl,  DB2,  DBS,  DBA,  DBS//V,  N,  Pl/V,  N,  P2/V,  N,  P3  $ 

PAGB  bunk  not  filmed 


where  the  DBl  are  the  data  blocks  to  be  written  In  tape.  Pi  is  a parameter  for 
positioning  the  tape,  P2  Is  the  FORTRAN  unit  number  assigned  to  the  tape,  and 
PI  is  the  FORTRAN  Usci  Tape  Label  (default  = XXXXXXXX). 

The  tape  created  by  0UTPUT2  is  a binary  tape.  Tapes  created  by  programs 
other  than  NASTRAN  are  acceptable  as  long  as  the  data  are  otitput  in  the  0UTPUT2 
format.  In  order  to  write  the  header  information  on  the  tape,  the  PI  parameter 
must  be  -1  (rewind  before  writing)  the  first  time  0UTPUT2  is  called  in  NASTRAN; 
otherwise  PI  is  0.  This  binary  tape  must  be  converted  to  a BCD  tape  before  it 
can  be  used  on  a computer  of  a different  type.  The  conversion  is  performed 
by  the  utility  program  RDUSER  which  accepts  tables  and  single-precision  or 
double-precision  real  or  complex  matrices.  No  precision  is  lost  in  generating 
the  BCD  tape,  and  the  problem  of  handling  large  numbers  of  punched  cards  is 
alleviated. 

The  tape  containing  the  BCD  data  is  transferred  to  another  Installation. 
Before  these  data  can  be  used  as  input  for  NASTRAN  at  this  installation,  two 
tasks  must  be  performed.  The  first  task  is  to  convert  the  source  of  the  BCD 
tape  written  by  RDUSER  to  another  source  form  readable  by  the  computer  on 
which  the  data  will  be  used.  The  second  task  is  to  convert  the  BCD  tape  into 
an  acceptable  binary  form  for  the  NASTRAN  module  INPUTT2.  The  program  WRTUSER 
accomplishes  both  of  these  tasks.  The  calling  sequence  for  the  INPUTT2  module 
has  the  form 

INPUTT2/DB1,  DB2,  DB3,  DBA,  DB5/V,  N,  Pl/V,  N,  P2/V,  N,  P3  $ 

where  the  DBi  are  the  data  blocks  to  be  recovered  from  the  binary  tape.  Pi  is 
a parameter  for  positioning  the  tape  (PI  must  be  -1  for  the  first  call  to 
INPUTT2  and  0 for  all  succeeding  calls) , P2  is  the  FORTRAN  unit  number  assigned 
to  the  binary  tape,  and  P3  is  the  FORTRAN  User  Tape  Label  (default  = XXXXXXXX) . 

A flow  chart  of  the  complete  tape  Interface  method  is  shown  in  figure  1. 


SPECIAL  FEATURES 


The  RDUSER  program  has  three  special  features  that  will  be  covered  in  this 
section.  The  first  group  of  cards  input  to  RDUSER  is  a set  of  comments  written 
by  the  user  to  describe  the  matrices  and  tables.  These  cards  are  read  with 
a free-field  format  allowing  the  user  to  write  any  description  he  desires.  These 
comments  are  also  written  on  the  tape  to  be  transferred  to  the  other  installa- 
tion. WRTUSER  reads  and  prints  these  comments;  this  allows  the  user  receiving 
the  tape  to  have  some  knowledge  of  the  data  written  on  the  tape.  The  next 
group  of  cards  input  to  RDUSER  gives  the  data  block  name,  a code  for  determining 
whether  the  data  block  is  a matrix  or  a table,  and  a print  option.  This  group 
of  cards  allows  the  user  to  omit  any  data  block  that  is  not  needed.  He  does 
this  by  simply  omitting  the  card  on  which  the  data  block  name  appears.  The 
print  option  allows  the  user  to  print  (table  1)  or  not  to  print  (table  2) 
elements  of  a matrix  or  table.  Each  of  these  features  proves  beneficial  when 
transferring  data  between  dissimilar  computers. 


634 


VERIFICATION  OF  PROGRAMS 


RDUSER  and  MRTUSER  were  executed  for  four*  of  the  nine  possibilities  shown 
in  figure  2 and  found  to  possess  the  desired  qualities  lacking  in  DMI  punched 
cards.  Card  handling  for  the  input  to  NASTRAN  was  cut  to  the  minimum.  Square, 
rectangular,  and  symmetric  matrices  containing  single-precision  real,  single- 
precision  complex,  double-precision  real,  and  double-precision  complex  elements 
were  used  in  the  test  runs.  In  each  case  the  answers  listed  on  one  computer 
agreed  with  the  answers  listed  on  dissimilar  and  similar  computers:  this 
indicated  that  no  precision  was  lost  in  the  transfer. 


REFERENCES 


1,  Rogers,  James  L, , Jr,:  Intercomputer  Transfer  in  Full  Precision  of  Arbitrary 

Data  on  Magnetic  Tape  Employing  the  NASTRAN  User  Tape  Format.  NASA 
TM  X-2901,  1973. 


*ONIVAC  paths  were  not  tested  due  to  errors  in  the  INPUTT2  and  0UTPUT2 
NASTRAN  modules. 
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AN  IirrERACTIVE  NASTRAN  PREPROCESSOR 

By  Willianna  W.  Smith 
NASA  Langley  Research  Center 


SUMMARY 


This  paper  describes  a Langley  Research  Center  version  of  NASTRAN  Level 
15.1.0  designed  to  provide  the  analyst  with  an  added  tool  for  debugging 
massive  NASTRAN  input  data.  The  program  checks  all  NASTRAN  input  data  cards 
and  displays  on  a CRT  scope  the  graphic  representation  of  the  undeformed 
structure.  In  addition,  the  program  peniiits  the  display  and  alteration  of 
input  data  and  allows  reexeoution  without  physically  resubmitting  the  job. 
Core  requirements  on  the  CIX  60OO  computer  are  approximately  T7  000  octal 
words  of  central  memory. 


INTRODUCTION 


As  most  NASTRAN  users  have  discovered,  there  are  input  data  errors  made 
in  defining  a structure  which  are  not  illegal  the  system  but  which  will 
produce  a rather  oddly  shaped  graphic  representation  and  erroneous  analysis. 

It  is  imperative,  therefore,  that  the  structural  plotter  output  be  viewed 
before  the  user  can  be  assured  that  his  input  data  do  not  displace  grid 
points  or  omit  members.  For  a complex  structure,  it  may  be  necessary  to 
observe  the  picture  from  se-veral  orientations. 

Motivated  by  the  need  for  a complete  checkout  of  struct’ive-defining 
input  data  in  the  most  rapid  and  efficient  manner,  development  of  an  inter- 
active type  preprocessor  was  undertaken.  Since  the  computer  program  described 
in  reference  1 was  already  in  existence,  the  decision  was  made  to  adapt  it  to 
the  interacting  CDC  250  CRT  system.  The  Interactive  NASTRAN  Preprocessor 
Level  12.1.0  resulted  from  this  adaptation.  The  NASTRAN  portion  has  since 
been  updated  to  Level  15.1.0. 

The  NASTRAN  program  and  interactive  graphic  software  used  in  the  Inter- 
active NASTRAN  Preprocessor  are  designed  to  operate  on  the  CDC  66OO  computer 
at  LRC,  but  the  ideas  are  applicable  to  other  NASTRAN  computers. 


PROGRAM  DESCRIPTION 


The  following  changes  were  made  in  the  existing  computer  program  (ref.  l); 

1.  NASTRAN  routines'  altered; 

^Description  of  routines  may  be  found  in  reference  2. 
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NAME 

MOriPICATION 

NASTRAN 

Tape  4 declared 

XSEMl 

Added  capability  of  displaying 
message  on  screen 

IFPID 

Error  "Plot  Tape  Not  A Physical 
Tape"  made  nonfatal 

SGIHOFF 

Plot  file  written  on  Tape  4 

XSEM2 

Added  capability  of  displaying 

messages  on  screen 

Added  labeled  COMMON  tlock  with 
plot  loop  flag 

Added  call  to  CRTPLOT  subroutine 

Added  statement  to  change  a 
DMAP  instruction  parameter  if 
plot  loop  flag  set 

PLOT  Test  for  physical  tape  ignored 

PROCES  Added  labeled  COMMON  block  to 

hold  view  angles  for  display 
and  edteration 

Add  statements  to  save  and 
restore  view  angles 

LD50  Additions  made  to  allow  looping 

through  PLTSET  and  PLOT  instruc- 
tions if  angles  altered  and 
reexecutlon  requested  (appendix 
A) 

2.  Subroutine  CRTPLOT  (appendix  B)  was  coded  to  read  the  NASTRAN  General 
Purpose  Plotter  output  file  and  translate  it  for  display  on  the  CDC  250  CRT 
termined  (fig.  l). 

p 

3.  Interactive  graphic  routines  added  to  program: 

SEMSAGE  (same  as  MESAGE)  RSEFT 

CDC250  ADVERSE 


2 

See  Langley  Research  Center  Computer  Programing  Manual,  Vol.  II,  Sections 

3.2  and  3.11. 
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NEXT 


PLT250 

LODTBL 

DECOD3 

DECODU 

HOGWASH 

WARTHOG 

SCREEN 

PLTOOO 

KEYBORD 

CRT250 

SPCMAT 

KGLER 

LOADADR 

CALPLT 

WHERE 

EHCOD2 

STOCALL 


SPACE  (same  as  PACK) 

SLOCATE  (same  as  LOCATE) 

UHPK 

CHTRLN 

CREATE? 

DECODl 

DEC0D2 

DROUTE 

EXOR 

103 

NOTATE 

PLOTSW 

PLT9999 

TRUNCL 

SAVPLOT 

XMIT 

SCAN 


U.  Modifications  were  made  in  the  graphic  routines  where  data  statements 
were  used  to  enter  values  for  veu*iables  in  labeled  COMMON.  Restrictions  in 
the  CDC  Linkage  Editor  necessitated  replacing  the  data  statemeits  with  a 
Block  Data  subprogram. 

3.  Overlay  structure  (appendix  C)  was  adjusted  to  incorporate  graphic 
routines  and  subroutine  CRTPLOT,  idiich  were  added. 


CAPABILITIES  OF  THE  INTERACTIVE  NASTRAH  PREPROCESSOR 


The  Interactive  NASTRAR  Preprocessor  has  the  following  capabilities: 
1.  Analyzes  all  input  data. 
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2.  Displays  the  graphic  representation  of  the  vaideformed  structure  on 
the  CDC  250  CRT  Scope. 

3.  The  alphanumeric  keyboard-^  on  the  CRT  console  provides  a means  for 
displaying  the  input  and  altering  the  input  data. 

U.  Loops  through  the  PLTSET  and  PLOT  modiiles  when  only  the  view  angle 
is  altered  are  accomplished  within  the  DMAP  sequence  of  instructions.  The 
program  EDIT^  initiates  restarts  when  other  input  data  are  changed. 

5.  The  CRT  f\inction  keyboard  has  such  options  as  (a)  positive  and 
negative  magnification  of  the  total  display  or  a part  of  the  display;  (b) 
recording  the  plot  vector  file  for  postprocessing  permanent  hard  copies  ; and 
(c)  producing  nonpermanent  hard  copies  on  a connected  hard  copy  unit. 

6.  Executable  in  approximately  77  000  octal  words  of  central  memory. 


LIMITATIONS  OP  THE  INTERACTIVE  NASTRAN  PREPROCESSOR 
The  Interactive  NASTRAN  Preprocessor  has  the  following  limitations: 

1.  Operational  on  CDC  6000  Computer  complex  at  LRC;  however  ideas  are 
applicable  to  other  NASTRAN  computers. 

2.  Displacement  approach  must  be  used. 

3.  Does  not  contain  NASTRAN  checkpoint  or  restart  capabilities. 

U.  No  punch  output  available. 

5.  Alterations  to  input  data  are  made  interned  to  the  computer  only; 
therefore,  the  user  should  make  note  of  modifications  so  that  he  may  make 
appropriate  changes  in  the  physical  deck. 


OPERATIONAL  INSTRUCTIONS 


The  interactive  NASTRAN  program  is  housed  on  a data  cell  and  requires 
no  physical  tapes  unless  the  user  wishes  to  save  the  plot  vector  file  for 
permanent  hard  copies.  The  EDIT  program  is  also  housed  on  a data  cell. 


^Langley  Research  Center  Computer  Programing  Manual,  Vol.  II,  Section  3.6. 
1) 

Langley  Research  Center  Simulation  Manual,  Section  2221.1. 


1.  Deck  Setup  Col.  68  Col.  78 

JOB,  X 

USER, X 

FETCH(C1103,  XXXX,  BINARY,  EDIT)  XXXX  = data  cell  X 

LOAD  (EDIT)  X 

EXECUTE  (BLOCKCC)  X 

COMMENT.  X 

COMMENT.  END  CONTROL  BLOCK  X 

REQUEST,  CRTTPE,  CD.  PLEASE  ASSIGN  XX  XX  » CRT  No. 


FETCH  (D3790,  XXXX,  BINARY,  PREPl)  XXXX  » data  cell 
NORPL. 

LINECHT  (10000) 

PREPl.  CATLOG  (PREP) 

COMMENT.  END  SETUP  BLOCK 
PREP. 

REWIND  (SAVPLT) 

COPYB^  (SAVPLT,  TEMP)  Required  if  hard  copy  plots  desired 
BKS  (TEMP,  1) 

LOAD  (EDIT) 

cotMEarr.  end  execute  block 

FETCH  (P0077»  XXXX,  BINARY,  DDIPRO)  DDI,  60  Postprocessor  Required  for 

hard  copy  for 

REWIND  (TD4P)  plots 

REWIND  (SAVPLT) 

DDIPRO  (INITIALS,  BLDG.  NO.,  Division  initials,  zero) 

COMMENT.  END  STOP  BLOCK 
EXIT. 
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1. 


Deck  Setvp  (continued) 


Col.  68 


Col.  78 


LOAD  (EXIT) 

EXECUTE  (RESTART) 

COMMENT.  END  RESTART  BLOCK 
End  of  record  card 
NASTBAN  data  deck 
End  of  file  card 


2.  Input 

Input  data  are  the  sane  as  for  a regular  HASTRAN  run  with  the  exception 
that  the  user  must  request  RASTPLT  output  on  the  PLOTTER  case  control  card. 

3.  Output 

The  Prograa  produces  the  nomal  NASTRAN  printed  output  from  the  Preface 
area  of  the  program  and  from  the  structural  plot  module.  The  graphic  repre- 
sentation of  the  undeformed  structure  is  displayed  on  the  CRT  as  it  is  being 
generated.  Plots  may  be  recorded  for  obtaining  hard  copies  on  one  of  the 
available  plotters  by  depressing  the  appropriate  function  key  on  the  CRT 
console.  The  proper  postprocessor  control  cards  must  have  been  included  in 
the  card  deck. 

Since  changes  are  made  internal  to  the  coaqputer  only,  the  user  should 
BMke  note  of  any  such  smdlflcatlons  so  that  he  can  laake  the  appropriate 
changes  in  the  physical  deck. 
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APFENUn  A 


NASTRAN  ROUTINE  LD50 
FOR  INTERACTIVE  NASTRAN  PREPROCESSOR 


FORTRAN  Code  for  Subroutine  LD50 


SUSPOUTINE  L050( SUBSET) 

INTECen  RD(161 ) 

integer  R0I(61)«  ROZnOO) 
equivalence  (R0(l)«R01)t  (R0<6Z)«R02) 
DATA  NRTP/AMNPTP/ 
integer  ISKEOi 
data 

DATA  ROl/ 


aahbegi* 

AHN  PRt 

AH£  - * 

amchec* 

AHKS  I * 

BAH  PlO* 

AHTS  Ut 

4HN0EK  s 

ahorhe* 

AHO  ST* 

AHRUCT* 

CAHGPl  * 

AHGEOMt 

4H1 sOCt 

ahOM2*  * 

AH/ GPL* 

AH.EOE* 

OAHtCST* 

AHN  f BG • 

4HP0TSS 

AHSIL/* 

4HV*N«  * 

AHLUSE* 

EAH3/V** 

AHNtNO* 

4HGP0T • 

AH  A * 

ahsave* 

AH  LUS* 

P4HGE0N* 

AH2tEQ* 

4HCXIN« 

AH/ECT* 

AH  A * 

IAHLAsE* 

AHL  PI* 

4H  S • 

2AHPLTS* 

AHET  P« 

4HC0e«s 

QAHEOEX* 

AHINiE* 

4HCT/PS 

AHLTSE* 

AHTX*P* 

ahltpa* 

zah.elS* 

AHETS  / 

DATA  R02/ 

H4M/V«N* 

AHtNSI * 

4HU/V«t 

AHN«UU* 

AHMPPL* 

ahot  a* 

|4ML*JU» 

AHMPPL* 

4H0T 

AHPRTM* 

* <S6  P* 

AHLTSE* 

JAHSETV* 

AMAl  /• 

4H/VbN« 

AH*PLT* 

ahplg/* 

AHC*N*  * 

KAHILE/* 

AHC*N« 

4H0  • • 

ahsave* 

AH  PLT* 

AHPLG*  * 

lahcono* 

AH  PI «. 

4HJUMP* 

AHPLOT* 

AH  A * 

' HPLOT  * 

mahgpse* 

AHTS«E* 

4HL5eTt 

AHS«CA* 

AHSECC* 

AH*BGP* 

NAHk.SI* 

AHL*  */« 

4MPL0T. 

AHXl/V* 

AH*N*N* 

amsil/* 

9AHT/V** 

AHN*JU* 

4HMPPLS 

AHQT/V* 

AH*N*P* 

ahltpl* 

pamilb  • 

AHA  « 

4HSAve< 

AH  UUM* 

AHPPLO* 

aht*pl* 

oahle  s* 

AHPRTM* 

4HS6  P« 

AHLOTX* 

AH1//A* 

iahconO* 

AH  P2*« 

4HPFlLt 

A<  E A * 

AH JUMP* 

AH  PI  * 

2AHL  P2* 

AHA  « 

4HACPT • 

AH 

AHIOO  * 

AHA  * 

3AHLABE* 

AHL  PI  * 

4Ht  t 

RAHENO  • 

AHA  • 

4N  B 

AH  • 

AH  * 

AH  / 

AHNPUT* 


4H  ANOt 
AHA  « 

4HGP0T. 
4HN« I2« 
4H6P2  • 


4HSETS* 


4HSAVE* 
4MTX//« 
4HI/v’.« 
4MPFIL* 
4H  PLT* 
4H0T*E« 
4HV«N*« 
4HC/V** 

amtelg* 

AHA 


4H  NS I* 

4H  A • 

4HN*PF« 
4HC  A « 
AHPARt  t 
AHoex I • 
AHLUSCt 
4HN*PE* 
AH«PFI « 

ahlabe* 


call  PRITE  (NPTP»RO«tBO«l ) 
call  PRITE  (M»TP*C0«l*0) 
call  PRITE  IH^TP.l.ltOl 
call  PRITC(NPTPtlSI«2Q*0) 
call  PRITE (NPTPtO* 1 *0) 
return 
END 


ldsooooz 

LD500003 
LOS00004 
LOSOOOOS 
LOS00006 
L0900007 
LOSOOOOS 
L0500009 
LOSOOOIO 
L050001 1 
LOSOOOlZ 
LOS00013 
L05000M 
LOSOOOtS 
LOSOOOIS 
ldsoooit 
LOSOOOIS 
L0S000I9 

losooozo 

LD900021 

LOS00022 

L0S00023 

L0900024 

L0900029 

LDS00026 

LOS00027 

LDS0002B 

LOS00029 

L0S00030 

LDS0003I 

LDS00032 

LOS0OO33 

L090003A 

LD90003S 

LD90003S 

I 337 

; 03S 

LwC^3039 

L09000A1 

L09000A2 
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NASTRM  Source  Program  Compilation 


OMAP-OMAP 

NO* 

t BEGIN 
2 GPt 


3 SAVE 

4 GP2 

5 LABEL 

6 PLTSET 

7 SAVE 

a PATMSG 
9 SETvAl 
10  SAVE 
It  CONO 

12  PLOT 

13  SAVE 

14  PRTMSG 
19  CONO 

IB  JUMP 
17  LABEL 
IB  REPT 

19  label 

20  END 


INSTRUCTION 

PREPAY  E - CHECKS  INPUT  AND  PLOTS  UNOEPORMEO  STRUCTURE  • 

GEOMt •GE0M2*/GPL«C0EXIN«GP0T*CSTM*aGP0T*SlL/V«N,LUSET/C«N*l23/ 
V*N*N0GP0T  S 

LUSET  • 

GE0M2«E0£XIN/ECT  S 

Wt  • 

PCOB*EQEXIN*ECT/PlTSETX«PLTPAQ*GpSETS*ELSETS  /V.N«nSIL/V*N« 
JUMPPL  T » 

NSIL* JUMPPlOT  ft 

PLTSBTX//  ft 

//V*N«PLTPLG/C*N*1/V«N*PP ILE/C*N*0  ft 

pltplg*ppile  ft 

PI* JUMPPLOT  ft 

PLTPAR.GPSETS«ELSETS*CASECC«B6P0T*E0EXIN*SIL**/PL0TX1/V*N«NSIL/ 
V *N  * lose  T/V  *N  * JUMPPLOT/V  *N  *PLTPL6/V  *N • PP I LE  ft 

JUMPPLOT .PLTPLG.PPIlE  • 

PLOTXI//ft 

«2*PPiLE  » 

PI  ft 

«2S 

«I*|00  ft 
PIS 

ft 
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to  fA  'MBto 
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APPENDIX  B 

FORTRAN  CODED  SUBROUTINE  CRTPLOT 


SUBROUTINE  CRTPLOT 

COMMON/SPEC/NV I EHf  «CAlPHA  « C8E  T A « COAMR  A 

COMMON/CRT/NCRT 

DIMENSION  A(30>«1D(2) 

DIMENSION  lANSOO) 

DIMENSION  STR1N6(60) 

integer  PCtClfTEN 

DATA  I0/3H«rWS«6HBlN  2058/ 

DATA  STRING/ 

1 «lH2flH3UH4«lH5«lH6«lH7«lH8f  tH9f  IHAtlHBf  lhC«lHD«lKE*lHF 

2«  lHG«IHH«lHlflHJ»lHKf lHL«iHM*lHN«lNO«IHP«lHQ«lHR«lHS«lHT«lHUf IHV 

4«  1240/ 

equivalence  ( lANSm  *IS2)«  ( IANS(2)«1S3)«  ( 1AnS(3)«1SA)«  (IANS(4)« 
1 IRO) « ( IANS(5) « IRl ) « ( I ANS(6)« IR2)t  ( I ANS (7 ) t IR3 > « ( I ANSI  8) « IRA)f 
2< IAnS(9)«C1 >«  ( 1ANS( 10) «PC) « ( lANSC 1 1 ) • IU2) t ( 1 AnS ( 1 2 ) • I U3 ) • 

3(  IANS<  13)  « IU4)  • ( IAnS^A  )f  1T0)«  ( 1ANS(15)  « ITl  ) « ( I ANS ( 16 ) « I T2  ) « 
4(IANSn7)  « 1T3)  « ( I ANSI  !8) « IT4)«  < I AnS  ( 1 9 ) • I SO  ) « ( I ANS(20)  « ISl  )* 

S(  I Ansi  29)  • luo ) « ( iansoo)  « lui ) 


CRT0002 
CRT0003 
CRT0004 
CRT0005 
CRT0006 
CRT0007 
CRT0008 
CRT0009 
CRTOOlO 
CRTOOl I 
CRT0012 
CRTOOl 3 
CRTOOl 4 
CRTOOl 5 
CRTOOl 6 
CRTOOl 7 
CRTOOl 8 
CRTOOl 9 
CRT0020 


NVIEW  « 0 
NCRT»0 
NFIRST  • 0 
REK^INO  4 
WRITE<6< 1001  ) 
lOOl  FORMAT! IMl) 

TEN  « 10 
MASK  • 778 
call  CDC  250 
CALL  CALPLT(0*0*3) 

call  SMESAGE(U38HBEGIN  EXECUTION  OF  CRT  PLOT  PROGRAM « 35) 

call  params 

CALL  PARAMS 1 5LALPHA  « CALPHA  « 4LBET A t CBETA  « SLGAMM A • CGAMMA ) 
800  read (4)  A 

lF(E0Ft4)  99flO 
10  CONTINUE 

DO  1 t«lf30*3 

L » 1+2 
K « 0 

DO  15  N-lfL 
DO  15  0«1 «10 
K«  <♦! 

1F(J«EQ«1 ) GO  TO  17 
call  RSHFT(AfN)«6> 

17  IANS'K)  ■ (A(N)*AND«MASK) 

15  CONTINUE 

|FIPC»GT#6)  PC«PC-10 

lF(PC«EQ«0«ORtPC*EQtt2*OR«PC*eQ*3)  GO  TO  300 
R ■ tEN4<TEN4CTEN#ITEN4IR4  4 IR3 )+lR2 )+lRl )♦ IRO 
S • TEN*(TEN*eTEN«fTEN*lS4  4 1 S3 )4 1 S2 )41S1 >4 ISO 
T • TeN4<TCN*(TEN4CTEN4lT4  4 IT3 )4 |T2  )4| T 1 )4 ITO 
U • TEN4<T£N4ITEN#CTENtlU4  4 IU3 )4 IU2 )4lUl )4 lUO 
300  NC  ■ PC41 

GO  TO  I401«402«403«404t405«406«406)«  NC 
C* 

C4  PLOT  COMMAND  IS  NO  OPERATION 
C4 

401  GO  TO  1 

C4 

C4  PLOT  COMMAND  IS  START  NEW  PLOT 


CRT0021 

CRT0022 

CRT0023 

CRT0024 

CRT0025 

CRT0026 

CRT0027 

CRT0028 

CRT0029 

CRT0030 

CRT0031 

CRT0032 

CRT0033 

CRT0034 

CRT0035 

CRT0036 

CRT0037 

CRTOOSS 

CRT0039 

CRT0040 

CRT0041 

CRT0042 

CRT0043 

CRT0044 

CRT004S 

CRT0046 

CRT0047 

CRT0048 

CRT0049 

CRT0050 

CRTOOSl 

CRT0052 

CRT0053 

CRT0054 

CRT0055 

CRT0056 

CRT0057 

CRT0058 

CRT00S9 

CRT0060 


•..f 


fci.'. 
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c* 

CRT0061 

402 

PLOTIO  a R 

CRT0062 

XMIN  a 0.0 

CRT0063 

YMIN  - 0*0 

CRT0064 

XMAX  * S 

CRT0065 

YMAx  a T 

CRT0066 

XSCAlE  • lO.O/XMAX 

CRT0067 

YSCALE  ■ 10*0/YMAX 

CRT0068 

GO  TO  1 

CRT0069 

C* 

CRT0070 

C*  PLOT  COMPAND  IS  SELECT  CAMERA 

CRT0071 

c* 

CRT0072 

403 

GO  TO  1 

CRT0073 

C* 

CRTOO 74 

C*  PLOT  command  is  SKIP  TO  A NL'W  FRAME 

CRT0075 

c* 

CRT0076 

404 

CONTINUE 

CRT0077 

IF(NFIRST«EO*0>  go  to  4041 

CRTOO 78 

CALL  CALPLT<0,0*-3) 

CRT0079 

CALL  SMESAGCn  s32MT0  RECORD  PLOT.  DEPRESS  FN  KEY  602) 

CRT0080 

call  SMESAGEU  .34HTO  CLEAR  PICTURE. 

DEPRESS  FN  key  2.34) 

CRT0081 

CALL  SMESAGEd «37HT0  GO  TO  NEXT  FRAME*  DEPRESS  FN  KEY  3*37) 

CRT0082 

CALL  CALPLTUJ.0.0,-3) 

CRT0083 

call  SMESAGEd  .30MH it  KEy  43  TO  END 

PLOT  PROGRAM .30) 

CRT0084 

CALL  SMESAGEd .39HH IT  KEY  47  TO  RE-DISPLAy  PREVIOUS  PLOTS. 39) 

CRT0085 

call  SMESAGEd  .38HH it  ANY  OTHER  KEY 

TO  CONTINUE  PLOTTING. 38) 

CRT0086 

call  NExTCN) 

CRT0087 

1FCN.EQ.45)  GO  TO  99 

CRTooae 

IFCN.EQ.47)  go  TO  199 

CRT0089 

GO  TO  1 

CRT0090 

4041 

CONTINUE 

CRT0091 

NFIRST  a 1 

CRT0092 

GO  TO  1 

CRT0093 

C# 

CRT0094 

C*  PLOT  COMMAND  IS  TYPE  A CHARACTER 

CRT0095 

c# 

CRT0096 

405 

X a R4XSCALE 

CRT0097 

Y a S*YSCALE 

CRT0098 

CALL  N0TATECX.Y..1.STR1NGCCI ). 0.0.1 ) 

CRT0099 

GO  TO  1 

CRTOlOO 

C* 

CRTOIOI 

C«  PLOT  command  is  0RA«  A LINE  OR  AN  AxtS« 

CRT0102 

C* 

CRT0103 

406 

CONTINUE 

CRT0104 

XI  • R4XSCALE 

CRT0105 

Yl  • S4YSCALE 

CRT0106 

X2  • T4XSCALE 

CRT0107 

YL  • U4YSCALE 

CRTOlOe 

CALL  CALPLTIXI «Y1 .3) 

CRT0109 

CALL  CALPLTIXE.YS.ai 

CRTOl 10 

4062 

.0  TO  1 

CRTOl 1 1 

1 

CONTINUE 

CRTOl 12 

60  TO  .00 

CRTOl 13 

C4 

CRTOl 14 

c*  ne-oispLAv  pmcvious  plots 

CRTOl 15 

c* 

CRTOl 16 

109 

REWINO  4 

CRTOl 17 

60  TO  .00 

CRTOl 16 

C* 

CRTOl 19 

C#  KNO  or  PLOT  TAPE 

CRT0120 

650 


C*  CRT0121 

99  CONTINUE  CRT0122 

CALL  CALPLT(0.0.999)  CRT0123 

CALL  SMESAGEU «20HEN0  OF  FILE  ON  TAPE4.EO)  CRT0124 

rewind  4 CRT0I25 

C*«*»»4**4*  CRT0126 

C BREAK  POINT  IN  PROGRAM  TO  ALLOW  OPERATOR  TO  DISPLAY  CRT0127 

C '.ND/OR  CHANGE  THE  CURRENTLY  ESTABLISHED  VIEW  ANGLE*  CRT012B 

CSSSSSASSSS  CRT0129 

call  SMESAGEI I tSOHTO  display  AND/OR  CHANGE  THE  CURRENTLY  ESTABLISH  CRT0130 
lEDtSO)  CRT0131 

call  SMESAGEI 1 «34HVIEW  ANGLE*4ALPHA,BETA  and  GAMMA4«,34I  CRT0132 

call  SMESAGEU .43HAL ter  THE  APPROPIATE  ANGLE  AND  PRESS  KEY  49*43)  CRT0133 

CALL  NEXT(NK)  CRT0134 

IF(nk*NE*49)  go  to  499  CRT0135 

NVIEW  “ 1 CRT0136 

NCHT  ■ 2 CRT0137 

439  WRITE<6«4999)  NV1EW*NCRT«NK«CALPHA  < CBET A « CGAMMA  CRT0138 

4999  format U2H0#*#*»NVIEW« 14 »7H  NCRT«t4.5H  NK>I4/  CRT0139 

AIOHO**CALPHA«E20.8.8H  CBETA>E20*8« 9H  C6AMMA«E20*B)  CRT0140 

RETURN  CRT014I 

END  CRT0142 


I 
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niKAGt,  KLiI'POK  CONTROL  CAKES  FOP. 
IMTERACTIVE  NASTRAN  PREPROCESSOR 


LtNKEOl 
PARAM( 
LIBRARY 
LINK  0 
ReNAME 
RENAME  I 
RENAME 
RENAME 
RENAME 
RENAME 
RENAME 
RENAME 
RENAME 
RENAME 
INCLUDE 
INCLUDE 
I NCLUOE 
INCLUDE 
INCLUDE 
INCLUDE 
I NCLUDE 
INCLUDE 
INCLUDE 
INCLUDE 
I NCLUOE 
I NCLUDE 
INSERT 
INSERT 
INSERT 
ENTRY  I 
END 


XCORSZ ) 


T let • OUTF I LEaNAST ( T ) «PARAM ( 4 ) «20 « PARAM  < 5 ) >SO «PARAM ( 6 ) >6000  « 
2 )a]200 

NAsTOBJ/WWS/BNFILE/XCAL 

APACTOR  « ABSENT. 

LABRT  « ABSENT. 
gator  « ABSENT. 

RECOVRY  > RETURN  *S  RCV  NOT  AVAILABLE  AT  CDC  DATA  CENTER 

XWRITEI I06600I  > WRITEX  » BLAST  I/O  FEATURE 4 

XREAD  I 106600)  * READX  S BLAST  I/O  FEATURE S 

SYSTEM  > SYSTEM. 

PEXIT  > L1NK20. 

MSGWRT  > LINK20. 

RWUNLO  > RETURN 
NAST0BJ(GIN0.  XCORSZ) 

WWS< NASTRAN) 

WWSCBLKOATAITIME) ) 

NASTOB J (NASTRAN .BLKDATA (TIME). BLKDAT A ( G I N066 ) . CONMSG ) 
NAST0BJ( 106600. dump. RETURN) 

NAsTOB J ( XEOT . TMTOGO . WRTTRL .ROTRL ) 

NASTOB J ( WRTTRLZ . MESAGE . FNAME ) 

NASTOB J ( OPNCOR . WRTCOR .ROCOR . OPNCORZ .PRELOC . LOCATE .PRELOCZ ) 
NA  sT  03 J ( GOPEN .F  RE AO . CLST AB . SSWTCK ) 

NASTOBJ(OSIGN)  4 fix  for  0 ARGUMENTS 
WWSIBLKDATA(SPEC) ) 

WWS < BLKDATA ( CRT ) ) 

CRT 

system. GINOX. T1 ME. G1N066 
ZBlPKX . ZNTPKX .PACKX .unpakx 

NASTRAN 


LKE00002 
LKE00003 
LKE 00004 
LKED0005 
LKE00006 
LKE00007 
LKEOOOOB 
LKE00009 
LKEDOOlO 
LKEOOOl 1 
LKE00012 
LKEOOOl 3 
LKEDOO 1 4 
LKEOOOl 5 
LKEOOOl 6 
LKEOOOl 7 
LKEOOOl 8 
LKEOOOl 9 
LKE00020 
LKE00021 
LKE00022 
LKE00023 
LKED0024 
LKE00025 
LKE00026 
LKE00027 
LKE0002B 
LKE00029 
LKE00030 
LKE00031 
LKE00032 


LINK  1 

RENAME  CORSZ  • XCORSZ 

RENAME  NTRANaOUMP  4 11 OB  DECK  ONLY 

RENAME  SEARCHaOUMP  4 NOT  USED  ON  THE  6400/6600 

RENAME  SYSTEM  a SYSTEM.  4 RENAME  THE  COC  SYSTEM  ROUTINE  CALLS 
RENAME  PEXiT  a LINK20. 

RENAME  SEMTRN  a RETURN 


RENAME 

RENAME 

RENAME 

RENAME 

RENAME 

RENAME 

RENAME 

RENAME 

RENAME 

rename 

RENAME 

RENAME 

RENAME 

RENAME 

RENAME 

RENAME 


a XORF 

L090 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

LOSO 

a LINK20. 
a L1NK20. 


LKE00033 
LKE00034 
LKE0003S 
LKE00036 
LKE00037 
LKEL  36 
LKE0C039 
LKE00040 
LKE0004I 
LKE00042 
LKE00043 
LKE00044 
LKE0004S 
LKE00046 
LKE00047 
LKE0004B 
LKE00049 
LKEOOOSO 
LKEOOOSl 
LKEOOOSt 
LKEOOOS3 
LKE000S4 
LKEOOOSS 


n 


I 


RENAME 

L047  « LINK20. 

LKED0056 

RENAME 

LOAS  ■ LINK20* 

LKE 00057 

RENAME 

LD49  B LINK20* 

LKE 00058 

RENAME 

L051  ■ LINK20. 

LKE 00059 

rename  I 

BUG  ■ RETURN 

LKED0060 

RENAME 

TTlPGC  * RETURN 

LKED0061 

INCLUDE 

WWSiXSEMl ) 

LKE00062 

INCLUDE 

NASTOBJIXSEMI tTAPBITtPAGEtPAGEl tPAGE2tPAGEZZZ) 

LKE00063 

include 

NAST0BJ(BLK0ATA(XSRTBD) ) 

LKE00064 

INSERT 

XSRTBD « ZZZPAGEt blank,. 

LKE00065 

overlay 

Al 

LKE00066 

INCLUDE 

NAST0BJ(MSGWRT,USRMSG) 

LKED0067 

overlay 

Al 

LKE0006B 

INCLUDE 

MWS<SMESAGE) 

LKED0069 

INCLUDE 

WWS  < CDC250 .NEXT .PLT250 ) 

LKE00070 

1 NCLUOE 

WWS(LODTBL) 

LKE00071 

INCLUDE 

BNP  I LE ( COC250 • DEC0D3  « DEC0D4 , HOGWASH • LODTBL « NEXT « PLT250 ) 

LKE00072 

include 

BNP  1 LE ( WARTHOG , SCREEN  1 

LKE00073 

INCLUDE 

WWS(Pt-T000«KEYBORD,CRT250) 

LKED0074 

INCLUDE 

WWS*SPCMAT  > 

LKED0075 

INCLUDE 

WWS(KGIPR) 

LKE00076 

INCLUDE 

XCALCCALPLT ) 

LKE 000 77 

INCLUDE 

WWS  < ENC0D2 « RSHFT « ADVERSE  t SPACK « SLOCATE , C ALPLT  « UNPK , CNTRLN ) 

LKe00076 

INCLUDE 

WWS  < CREATEP  t DECOOl ,0EC0D2, OROUTE , EXOR • 1 03 • NOT ATE .PLOTS* ) 

LKE 000 79 

INCLUDE 

WWS  < PLT9999 . S AVPLOT « SC AN . STRC ALL . TRUNCL . WHERE . XM I T . LOAOAOR ) 

LKEOOOSO 

INCLUDE 

WWSOLKOATA(GRAPHNO)  ) 

lkeooobi 

INSERT  GRAPMNO tLANGLEY t TR I AL « VPARMS 

LKE00062 

overlay 

Al 

LKED00B3 

INCLUDE 

WWS«BTSTRP) 

LKE00084 

INCLUDE 

NAsTOB J ( BTSTRP • ENOSYSZ .ENDSYS, BGNS YS ) 

LKEOOOB5 

INSERT 

ZENOSYS 

LKEOOOB6 

overlay 

ENOSSS 

LKE00087 

INSERT 

endsss 

LKE 00086 

overlay 

Al 

LKED00B9 

INCLUDE 

NASTOB J < XPOLCK  « XP 1 LPS . XPLEOK . XPOLCKZ ) 

LKE00090 

OVERLAY 

XlX 

LKE00091 

INCLUDE 

nastobj(xcei .xpurge) 

LKEJ0092 

OVERLAY 

XlX 

LKE00093 

INCLUDE 

NAsTOB J (BLKOAT  A ( XSPA 1 ) , XSP A . XSOSGN .XCLEAN . XPUNP . XOPH ) 

LKE00094 

INSERT 

XSPAl .ZXPOLCK 

LKE00095 

OVERLAY 

ESPA 

LKE00096 

insert 

ESPA 

LKE00097 

overlay 

Al 

LKE00098 

INCLUDE 

NASTO8J(BLKDATA(iPPX0> .BLKOATAC IFPXl  ) .BLKDATA lUMPZZZ  » .SEMI NT) 

LKED0099 

insert 

IPPXO.XOLOPT. IPPXl .UMPZZZ 

LKEDOlOO 

overlay 

DO 

LKEDOlOl 

INCLUDE 

NASTOBU(XRCARD) 

LKED0102 
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NASTRAM  DATA  GENERATION  OF  HELICOPTER 

FUSELAGES  USING  INTERACTIVE  GRAPHICS 

By  J.  B.  Sainsbury-Carter 
and  John  H.  Conaway 

Sikorsky  Aircraft 

Division  of  United  Aircraft  Corporation 
Stratford,  Connecticut 


SUMMARY 


The  development  and  implementation  of  a preprocessor  system  for  the  finite 
element  analysis  of  helicopter  fuselages  is  described.  The  system  utilizes 
interactive  graphics  for  the  generation,  display,  and  editing  of  NASTRAN  data 
for  fuselage  models.  It  is  operated  from  an  IBM  2250  cathode  ray  tube  (CRT) 
console  driven  by  an  IBM  370/1U5  computer.  Real  time  interaction  plus  automatic 
data  generation  reduces  the  nominal  6 to  10  week  time  for  manual  generation  and 
checking  of  data  to  a few  days. 

The  interactive  graphics  system  consists  of  a series  of  satellite  programs 
operated  from  a central  NASTRAN  Sy ".terns  Monitor.  Fuselage  structural  models 
including  the  outer  shell  and  internal  structure  may  be  rapidly  generated.  All 
numbering  systems  are  autcsnaticaliy  assigned.  Hard  copy  plots  of  the  model 
labeled  with  GRID  or  elements  ID's  are  also  available.  General  purpose  programs 
for  displaying  and  editing  NASTRAN  data  are  included  in  the  system. 

Utilization  of  the  NASTRAN  Interactive  graphics  system  has  made  possible 
the  multiple  finite  element  analysis  of  complex  helicopter  fuselage  structures 
within  design  schedules. 


httroduction 


The  problem  of  manual  data  generation  for  large  finite  element  Idealizations 
is  well  known.  Helicopter  fuselage  models  for  static  stress  analysis  with  NASTRAN 
contain  typically  2,000  to  1C ,000  input  data  cards.  Manual  generation  and  check- 
ing  of  data  decks  for  these  problems  requires  6 to  10  weeks  of  tedious  coding 
and  corrections.  With  such  large  tumarounu  times,  it  is  usually  not  possible 
to  perform  analysis  of  redesigned  configurations  within  allotted  design  nchedules. 

The  use  of  interactive  graphics  to  display  and  check  large  structural  models 
has  been  desionstrated  (Reference  l).  The  automatic  generation  of  data  describing 
fuselage  structures  has  been  accooqplished  via  batch  type  computer  programs 
(References  2 and  3)>  This  paper  describes  a system  of  progrsms  for  the  auto- 
matic data  generation,  editing,  and  display  of  fuselage  models  which  is  fully 
interactive.  Additional  flexibility  is  acquired  by  including  autxnatic  data 
generation  features  in  an  interactive  swde.  This  permits  the  rapid  development 
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of  large  data  decks  for  complex  structures  which  do  not  lend  themselves  totally 
to  simple  mesh  generation  techniques. 


IMTERACTIVE  GRAPHICS  MONITORING  SYSTiM  FOR  NASTRAN 


The  preprocessors  used  for  helicopter  fuselage  data  generation  are  part  of 
a system  of  interactive  graphics  programs  shown  in  Figure  1.  The  system  is 
activated  and  controlled  from  the  IBM  2250  CRT  console.  Each  module  is  accessed 
from  the  central  System  Monitor  program  hy  selecting  the  program  name  from  a 
main  menu.  The  modular  construction  of  the  system  provides  flexible  usage. 

Some  of  the  mod\U.es  are  more  general  purpose  in  nature  (i.e.,  the  Gecoetry,  Dis» 
play^  and  Edit  programs)  and  thus  may  be  used  in  a variety  of  KA.SIRAN  problems. 
At  any  time  during  operation  of  the  system,  control  may  be  transferred  to  any 
module  via  the  System  Monitor. 

The  graphics  system  creates  card  input  for  NASTRAN  which  is  independently 
executed  in  a batch  mode.  Hard  copy  plotting  of  CRT  input  displays  and  NASTRAN 
output  for  fuselage  models  is  ciirrently  under  development. 


FUSELAGE  INPUT  DATA  ^.iNERATION 


A large  percentage  of  the  required  NASTRAN  input  for  the  stress  analysis 
of  a helicopter  fuselage  may  be  created  in  an  interactive  mode  using  the  Fuselage 
Data  Generator  module.  This  program  interacts  with  other  Geonetzy  and  Files 
modules  via  the  NASTRAN  System  Monitor,  creating  card  Images  for  the  following 
types  of  Bulk  Data: 


Element  connectivity 
Grid  point  coordinates 
Element  geometric  properties 
Multipoint  constraints 

The  design  philosophy  for  this  preprocessor  placed  considerable  emphasis 
on  user  convenience  and  operational  speed.  Wherever  possible,  default  options 
are  built  into  the  program  to  ensure  rapid  data  generation  with  the  minimuB  of 
comands.  Within  this  ^ilosophy,  all  GRID  and  element  ID's  are  internally 
defined  b>  the  program. 

The  data  generation  is  separated  into  two  phases.  T)ie  first  phase  comprises 
the  feneration  cf  the  fuselage  outer  shell  consisting  of  frames,  stringers,  and 
shear  panels.  The  second  phase  involves  the  generation  of  all  the  internal 
details  such  as  bulkheads,  floors,  longitudinal  wa3.1s,  etc.  This  distinction 
between  pbrses  is  made  for  the  following  reasons: 
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1.  ) The  outer  shell,  in  addition  to  exhibiting  a larger  amount 
of  topological  repeatability,  is  necessary  to  define  the 
boundaries  of  the  internal  structure. 


2. ) The  internal  details  are  generally  more  variable  ir  geometry 
and  connectivity  than  the  outside  shell,  as  illustrated  in 
Figiare  2,  and  thus  different  algorithms  are  required  for 
efficient  data  generation. 

The  order  in  which  subprograms  are  used  in  the  generation  of  fuselage  data 
is  arbitrary.  The  user  selects  the  next  module  to  be  called  via  light  pen  from 
a CRT  display.  This  arrangement  provides  flexibility  of  operation  not  available 
in  a batch  data  generation  mode.  The  user  may  generate,  display,  and  store  data 
at  any  stage  in  the  model  develppment,  reenteidng  pre\’lously  executed  modules  for 
corrections  whenever  necessary. 

In  the  normal  sequence  of  phase  1 operation,  the  user  first  defir*ec  all 
unique  frame  contours  using  the  two-dimensional  Geometry  module.  This  sub- 
program provides  a wide  variety  of  options  for  construction  of  general  two- 
dimensional  contours.  The  frame  conto'vr  is  developed  by  interpolating  between 
input  points  with  straight  lines,  conic  sections,  or  cubic  splinez.  Intermediate 
points  are  located  by  intersecting  the  contour  with  lines,  and/or  by  specifying 
equal  arc  increments  between  previously  defined  points.  To  reduce  the  aiiiount  of 
input  required  from  the  user,  syimnetric  repetitions  of  geometry  are  obtained  by 
the  reflection  of  the  previously  defined  contour  about  an  axis  of  symmetry. 

When  all  points  on  the  desired  frame  contours  have  been  defined,  the  coor- 
dinate information  is  stored  in  the  2-D  Piles  module  for  future  reference.  The 
points  describing  two  or  mo':'e  frames  are  then  transferred  to  the  3-D  Geometry 
module  (JKILL)  where  they  are  used  as  bounding  contours  to  develop  a shell  sur- 
face. If  only  two  frames  are  transferred,  as  shown  in  Figure  3a,  straight  line 
interpolation  between  corresponding  points  is  used  to  define  the  shell.  If  more 
than  two  frames  are  transferred,  a piecewise  cubic  surface  is  constructed 
between  them. 


All  additional  frame  contours  and  their  corresponding  points  are  auto- 
matically generated  in  the  3-D  Geometry  modvie  by  intersecting  the  3-D  surfaces 
with  planes  as  illustrated  in  Figure  3b. 

The  output  of  the  3-D  Geanetry  module  is  the  positions  and  ordering  of  a 
set  of  points  describing  a ** regular! zed”  fu;^elage  shell  (Figure  3b).  A perma- 
nent file  within  the  module  may  be  used  to  store  this  information  for  future 
reference. 

The  shell  established  in  the  3-D  Geometry  module  la  transferred  to  the 
Fuselage  Data  Generator  via  the  BASTRAK  System  Monitor  where  perturbations  on 
the  regularized  topolog>  are  performed  to  produce  the  actual  fuselcge  geometry 
and  conr.?ctivity.  To  increase  cls'-lty  of  display,  a limited  portion  of  the  shell 
may  be  transferred  at  any  one  time  to  the  Fuselage  Data  Generator*  A perspec- 
tive view  of  the  fuselage  shell  looking  down  the  longitudinal  axis  of  the  air- 
craft (spider  diagram)  is  used  in  this  module  as  illustrated  in  Figxure  Ua.  The 
spider  diagram  allows  the  maximum  Mount  of  diiplay  without  the  confusi<  i of 
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overlayed  lines.  Cutouts  (e.g«^doors,  windows,  landing  ramps,  etc.)  or  partial 
frames  are  introduced  by  deleting  lines  via  the  light  pen  (Figure  4b).  Points 
may  be  added  by  keying  in  coordinates  from  the  console  and  connectivity  modified 
by  adding  lines  between  points  detected  by  the  light  pen.  Such  modification 
enables  the  line  connectivity  to  depart  from  the  initial  regularized  topology, 
permitting  duplication  of  any  required  structural  model. 

When  the  geometry  and  line  connectivity  of  the  shell  has  been  established, 
element  types  are  defined  individually  by  light  penning  associated  points  or, 
in  zones,  by  light  penning  points  at  zonal  extremities.  A default  option  defines 
frames  as  BAR  elements,  stringers  as  RODS,  and  quadrilateral  panels  by  SHEAR 
elements.  A modified  connectivity  display  illustrated  in  Figure  4c  indicates 
the  position  and  type  of  the  elements  defining  the  skin.  When  the  element 
definition  is  completed,  section  properties  may  be  keyed  in  from  the  console  and 
assigned  to  individual  elements  or  zones. 

Following  completion  of  the  fuselage  shell  mesh  definition,  the  user  may 
transfer  the  information  associated  with  the. spider  diagram(s)  to  a permanent 
NASTRAN  File.  At  this  time,  the  previously  defined  geometry,  connectivity,  and 
property  information  is  converted  into  NASTRAH  Bulk  Data*  and  all  elements  are 
compiled  inlo  a SET  for  future  display  or  hard  copy  plot  generation.  These 
plots  may  be  labeled  with  GRID  ID's  or  element  ID's. 

The  user  may  define  internal  details  to  be  added  to  the  model  by  returning 
to  the  Geometry  modules.  By  intersecting  the  3-D  shell  surface  with  the  plane 
of  a detai?.  (e.g. , bulkhead),  boundary  points  of  this  structural  unit  are 
defined,  compatible  with  the  previously  generated  fuselage  shell.  These  points 
are  transferred  to  the  2-D  Geometry  module  where  point  and  line  algorithms  are 
used  to  construct  a connectivity  breakup.  This  information  is  then  transferred 
to  the  Data  Generator  module  where  the  elements  are  defined,  section  properties 
assigned,  and  the  resulting  Bulk  Data  merged  with  the  file  for  the  previously 
generated  fuselage  shell. 

The  Fuselage  Data  Generator  module  may  also  be  used  to  create  multipoint 
constraint  data  for  MSTRAR.  Large  sets  of  MFC  data  are  required  to  enforce 
rigid  body  assumptions  on  some  internal  details  of  the  fuselage.  This  feature 
eliminates  the  need  for  modeling  stiff  structural  units  such  as  full  bulkheads. 
MFC's  are  also  used  to  distribute  concentrated  applied  loads  to  individual 
grid  poi  its  around  the  fuselage  shell. 


DISPLAY  AND  EDIT  PROGRAMS 


Transfer  of  control  to  the  Display  and  Edit  preprocessors  may  be  accomplished 
via  the  NASTRAN  System  Monitor  at  any  time.  These  general  pxirpose  programs  per- 
mit a much  greater  flexibility  for  displaying  and  editing  NASTRAN  input  data  than 
the  Fuselage  Data  Generator. 

The  Display  program  enables  arbitrary  selections  of  data  to  be  shown  on  the 
CRT  screen  with  greater  user  convenience  and  speed.  The  user  may  display 
structural  segments  previously  defined  in  the  Fuselage  Data  Generator  as  SETS. 
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This  significantly  reduces  the  time  necessary  to  define  elements  for  display. 

To  add  flexibility  to  the  system,  however,  new  groups  of  elements  comprising 
structural  segments  not  specified  by  the  SET  option  may  be  generated  by  select- 
ing the  required  element  types  and  element  Identification  mmiberb.  Table  1 
lists  geometry  types  and  their  corresponding  element  types  recognised  by  the 
display  progrcjn. 

Following  satisfactory  element  selection,  a display  of  the  structural  model 
appears  with  a menu  of  options.  Two  of  these  options  enable  rotation  of  the 
display  about  three  orthogonal  axes,  scaling  and  selective  zooming  to  be 
implemented,  thus  permitting  the  user  to  obtain  an  optimum  orientation  for  visual 
inspection.  The  axis  r;yLtem  for  structural  rotations  is  fixed  relative  to  the 
sci  een  and  is  always  displayed,  enabling  the  user  to  remain  or'^ented  regarding 
rotationSLl  commands.  To  increase  the  number  of  elements  that  can  be  displayed 
and  simultaneously  reduce  image  flicker,  the  geometry  is  internally  scanned  for 
multiply  defined  lines  and  the  redundant  lines  are  eliminated. 

At  any  time  dui  Lng  execution  of  the  Display  program;  two  additional 
features  open  to  the  user  are  "selective  data  retrieval  and  editing"  and  "free 
boundary  analysis".  The  first  feature  permits  extraction  and  identification  of 
any  element  or  grid  point.  By  li^t  pen^'ing  a displayed  line  image,  all 
associated  element  ID*s  are  displayed.  By  light  penning  any  two  intersecting 
line  images,  the  associated  GRID  ID  is  displayed.  The  corresponding  Bulk  Data 
card  images  of  the  extracted  element  or  grid  point  are  simultaneously  shown 
below  the  structural  display,  permitting  temporary  editing  and  automatic 
incorporation  of  the  change  into  the  structural  display. 

The  free  boundary  analysis  produces  a display  of  singly  defined  lines  in 
the  structural  model,  peimitting  the  location  of  missing  elements.  If  a single 
quadrilateral  element  had  been  inadvertently  cmit^^d  from  manual  input  of  a 
shell  structure,  for  example,  only  that  quadrilateral  would  be  displayed  in 
addition  to  any  natural  structural  free  boundaries.  All  other  element  line 
images  would  be  absent  because  of  their  multiple  line  definitions. 

Much  greater  flexibility  for  data  editing  may  be  obtained  by  transfer  of 
control  to  the  Edit  program  via  the  NASTRAN  System  Monitor.  The  Edit 
permits  modification  or  deletion  of  current  data  and  the  insertion  of  new  data 
in  the  Executive  Control,  Case  Control,  or  Bulk  Data  decks.  Since  the  lEM  2250 
CRT  is  capable  of  displaying  only  12  characters  across  the  screen  as  compsired  to 
80  columns  in  the  NASTRAN  data  card  format , each  card  is  broken  into  two  lines . 

A menu  comprising  nine  options  accompanies  the  Edit  program.  Included  within 
these  options  is  the  ability  to  page  forward  or  backward  through  the  data  or  to 
locate  any  card  type  and  ID.  Editing  of  any  data  may  be  accomplished  by  keying 
in  new  values  from  the  console. 

Concluding  the  Display  and  Edit  phase,  the  permanent  storage  files  may  be 
updated  with  corrected  data  by  transfer  of  control  to  the  FILES  program  via  the 
NASTRAh  System  Monitor.. 
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ILLUSTRATIVE  EXAMPLE 


The  complete  structural  model  used  during  the  analysis  and  design  of  the 
UTTAS  helicopter  fuselage  is  shown  in  Figure  2 . To  illustrate  the  versatility 
of  the  described  interactive  graphics  preprocessors,  the  input  data  are  generated 
and  checked  for  the  circled  suostructure  known  as  the  transition  region. 

The  transition  region  was  chosen  for  this  example  due  to  its  variety  of 
characteristics  pertinent  to  most  fuselage  structures.  It  contains  nine  frames, 
three  cutouts,  two  bulkheads,  a floor,  and  a vertical  shear  web.  Of  the  nine 
frames,  four  are  independent  in  shape.  The  other  five  frames  are  generated  by 
linear  interpolation.  Five  of  the  nine  frames  are  partial  (i.e.,  they  do  not 
span  the  entire  circumference  of  the  fuselage). 

The  outside  shell  and  the  floor  are  used  to  illustrate  operation  of  the 
Fuselage  Data  Generator*  One  of  the  bulkheads  is  manually  generated  and  used  to 
demonstrate  features  of  the  Display  and  Edit  programs. 

Figure  5a  shows  the  CRT  display  listing  the  various  subpi'ograins  available 
within  the  NASTRAN  interactive  graphics  system.  Light  penning  "2D  GEOM"  enables 
the  shapes  of  the  four  independent  frames  to  be  generated  (Figure  5b  ).  Due  to 
the  generality  of  frame  shapes , each  grid  point  is  introduced  by  keying  in  the 
appropriate  coordinates  in  the  YZ  plane.  Duimny  points  are  introduced,  at  three 
of  the  four  frames,  to  maintain  an  equal  number  of  points  (i+6)  at  all  frames. 
Partial  frames  are  also  temporarily  generated  as  full  frames.  The  four  frames 
are  stored  in  the  2D  FILES  subprogram,  and  treinsf erred  to  FMILL,  the  3-D 
Geometry  module,  where  the  node  points  are  connected  by  lines  (Figure  5c  ). 

The  frames  are  not  closed  due  to  the  limitation  of  the  FMILL  subprogram  which 
generates  only  open  surfaces.  The  remaining  five  frames  are  generated  by  inter- 
secting the  surface  with  planes  at  the  appropriate  frame  station  coordinates 
(Figure  5d  )• 

The  final  details  of  the  fuselage  generation  concentrate  on  the  forward 
seven  frames  between  Stations  398  and  UU3  as  shown  in  Figure  5<1  * Transfer 
of  these  frames  to  the  "GENERATE"  module  yields  a connectivity  display  shown 
in  Figure  6a  . Partial  frames  and  cutouts  are  created  at  this  stage  by 
deleting  unwanted  lines.  Figure  6b  . Dummy  points  are  also  removed  and  the 
line  element  connectivity  completed.  Figure  6c  . 

The  introduction  of  new  lines  and  definition  of  panel  element  is  now  per- 
foimed,  resulting  in  the  display  shown  in  Figure  6d  , quadrilaterals  being 
indicated  hy  the  symbol  X,  and  triangles  by  the  symbol  Y,  etc. 

A series  of  hard  copy  plots  of  this  SET  of  structural  elements  may  be 
generated,  denoting  the  element  and  node  point  ID*s  for  future  reference. 

Figure  6e  shows  such  a plot  for  the  shear  panels  corresponding  to  Figure  6d  . 
The  same  elements  are  also  assigned  a SET  number,  aiding  in  their  recall  for 
further  modification  in  the  Display  and  Edit  programs.  Figure  6f  is  the  true 
view  of  the  structure  corresponding  to  that  displayed  in  Figures  6a  to  6e  . 
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At  this  time,  properties  are  defined  and  associated  with  appropriate  elements 
by  either  the  light  penning  of  individual  elements  or  the  definition  of  property 
zones . 

A structural  SET  is  generated  in  a similar  manner  for  the  aft  two  bays 
between  frame  stations  445  "to  485*  For  illustrative  purposes,  these  two  SETS 
have  been  called  up  together  by  the  Display  program.  In  other  structures,  how- 
ever, it  may  be  expedient  to  use  the  Display  and  Edit  programs  to  perform  final 
adjustments  in  the  structural  configuration  rather  than  develop  the  exact 
structure  in  the  Fuselage  Generator  program. 

Figures  Ta  and  Tb  represent  two  views  of  the  SHEAR  and  TRMEM  element 
connectivity  of  the  generated  outside  shell  described  above.  Figure  7c 
illustrates  the  stringers  or  ROD  element  connectivity  and  Figure  TcL  the  frames. 

Display  of  a manually  generated  ulkhead  for  frame  station  443,  Figure  8a  , 
clearly  indicates  an  error.  Light  penning  the  upper  two  erroneous  lines  reveals 
the  associated  element  numbers  to  be  2936  and  2985  and  the  corresponding 
erroneous  node  point  to  be  1893-  The  data  card  image  for  this  GRID  point  is 
shown  below  the  display.  Editing  this  card  image  enables  immediate  regeneration 
of  the  correlated  display.  Figure  8b  . The  associated  data  card  image  in 
permanent  storage  (GRID  1893)  is  shown  in  Figure  8c  by  transfer  to  the 
Edit  subprogram.  Visually  the  display  in  Figure  8b  appears  to  be  correct. 
Initiating  the  free  boundary  analysis  feature,  however,  reveals  a missing  SHEAR 
element.  Figure  8d  . This  element  can  be  introduced  in  the  Edit  subprogram  by 
keying  in  the  missing  Bulk  Data  card. 

The  generation  of  internal  structure,  such  as  a floor,  requires  returning 
to  the  spider  diagram  (Figure  6d  ) of  the  Fuselage  Generator  program.  Light 
penning  the  grid  points  common  to  the  floor,  the  outside  shell,  and  any  other 
previously  defined  internal  structure,  generates  a 2-D  display  of  the  boundary  of 
the  required  floor.  Figure  9a  . 

Generation  of  the  intern^  'ement  connectivity  is  rapidly  performed  as 
shown  in  Figure  9b  . Figure  shows  the  floor  and  vertical  web  viewed  from 

the  Display  program. 

Structural  data  generation  by  the  interactive  graphics  system  is  managed  by 
manipulating  the  many  features  built  into  the  programs.  The  order  in  which  the 
subprograms  are  used  is  completely  general  and  problem  dependent.  Optimum 
utilization  of  the  system  is  only  achieved  with  practice. 

CONCLUDING  REMARKS 


Dramatic  time  reductions  (by  an  order  of  magnitude)  for  the  generation  of 
NASTRAN  input  data  for  fuselage  structures  has  been  achieved  by  the  development 
and  utilization  of  the  subject  interactive  graphics  preprocessor. 
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The  modular  design  of  the  MSTRM  interactive  graphics  system  permits  sub- 
programs to  he  called  in  an  arbitrary  order,  allowing  rapid  data  generation  for 
complex  fuselage  models.  The  generality  of  the  geometry  definition,  display, 
editing,  and  storage  features  also  provides  versatility  needed  for  generation  of 
models  for  many  other  structures. 
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GEOMETRY 

TYPE 

ELEMENT 

TYPE 

MAX 

NUMBER 

LINE 

CROD,  CBAR,  CONROD, 
CTU8E,  CVISC 

1000 

TRIANGLE 

CTRMEM,  CTRIAI. 
CTRIA2,  CTRMPLT, 
CTRBSC 

1000 

QUADRILATERAL 

CQDMEM,  CSHEAR, 
CQUADI,  CQUAD2 

1000 

TRIANGULAR  RING 

CTRIARG 

500 

QUAORIUTERAL  RING 

CTRAPRG 

500 

CONCENTRATED 
MASS  POINTS 

CONML  CONM2 

500 

Table  1.  Element  Menu  for  Display  and  Edit  Preprocessors 
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Figvire  1.  NASTRAN  Interactive  Graphics  System 


(a)  Surface  Definition 


(b)  Definition  of  Intermediate  Frame  Contours 


Figure  3.  3-D  Geometry  Definition 
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(a)  Spider  Diagraffi 
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(c)  Element  Connectivity 


Figure  U.  Fuselage  Generator  Display 
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(a)  Floor  Boundary 


(b ) Floor  Connectivity 


(c)  Floor  and  Shear  Web  Display 


Figure  9.  UTTAS  Transition  Region  - Generation  of  Floor  and  Shear  Web 
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AN  INTERACTIVE  GRAPHICS  SYSTEM 
TO  FACILITATE 

FINITE  ELEMENT  STRUCTURAL  ANALYSIS 


BY  ROBERT  C.  BURK  AND  FRED  H.  HELD 
MCDONNELL  DOUGLAS  ASTRONAUTICS  COMPANY  - EAST 

SUMMARY 

Industry's  growing  use  of  finite  element  structural  analysis 
requires  that  an  increasing  portion  of  the  engineer's  time  be  spent 
in  building,  checking,  executing,  and  interpreting  results  of 
finite  element  models.  The  following  discussion  explains  the  use 
of  a rapid,  inexpensive,  graphically  oriented  system  for  performing 
this  job.  Witli  much  of  the  bookkeeping  drudgery  removed  and  the 
visibility  of  results  enhanced,  the  inspiration/perspiration  ratio 
of  the  engineer  is  significantly  improved. 

INTRODUCTION 

The  effectiveness  of  a finite  element  analysis  depends  on  the 
accuracy  with  which  the  model  represents  the  actual  structure  and 
on  the  time  and  money  spent  to  build,  solve,  and  interpret  the 
analysis  results.  Usually,  finite  element  analysis  involves  the 
generation  and  manipulation  of  large  quantities  of  data  by  hand 
using  up  valuable  engineering  time  and  introducing  many 
opportunities  for  human  errors.  A typical  analysis  would  normally 
require  tne  following  steps: 

1.  Idealize  the  actual  structure  int  discrete  elements. 

2.  Make  sketches  of  ttie  idealized  nodel  and  lcd>el  with  node 
and  element  numbers  for  use  in  referencing  element 
properties,  applied  loads,  reactions,  output  results,  etc. 

3.  Fill  out  data  sheets. 

4.  Have  data  sheets  keypunched. 

b.  Obtain  listing  of  deck  and  check  for  any  errors  (keypunch 
or  coding) . 

€.  Make  appropriate  corrections. 

7.  Obtain  batch  plot  of  structure  to  check  for  incorrect 
element  connectivity  or  node  location. 


679 


8.  Submit  for  batch  solution. 

9.  Evaluate  results  for  any  errors.  Often,  several  computer 
runs  (with  their  corresponding  costs  and  turnaround 
delays)  are  required  before  error-free  output  is  obtained. 

10.  Obtain  batch  plots  of  deformed  shape. 

n . Make  freebody  sketches  of  components  showing  reactions  and 
internal  loads.  These  are  used  for  detailed  stress 
analysis  and  formal  reports  of  the  analysis. 

Each  of  these  steps  takes  time  and  allows  considerable  chance  for 
error. 

In  order  to  minimize  the  time  spent  on  each  of  the  steps , to  reduce 
the  chance  for  error,  and  to  enhance  the  understanding  by  the 
engineer,  interactive  graphics  is  being  harnessed.  Reference  1 
presents  an  excellent  review  of  the  uses  of  interactive  computer 
graphics.  In  the  area  of  structural  analysis  computer  graphic 
applications,  a system  developed  for  two-dimensional  modeling  and 
display  of  results  is  discussed.  This  has  been  implemented  on  both 
the  UNIVAC  418  - DEC  340  and  the  IBM  360/50-IBM  2250.  Reference  2 
presents  a system  developed  by  the  Jet  Propulsion  Laboratory  using 
interactive  graphics  for  three-dimensional  model  checking. 

This  paper  presents  a rapid,  low  cost  system  which  uses  interactive 
graphics  in  both  tlie  preprocessing  and  postprocessing  of  finite 
element  data.  It  can  be  used  witli  the  NASTPAM,  ICES  STRUDL,  and 
CASD  (Computer  Aided  Structural  Design  — an  in-house  developed  and 
used  program)  finite  element  analysis  programs  to  minimize  modeling 
errors,  reduce  the  time  required  for  the  design/analysis  cycle,  and 
maximize  the  visibility  of  results. 

A PROMISING  SOLUTION 

The  system  being  effectively  used  by  the  McDonnell  Douglas 
Astronautics  Company,  Eastern  Division,  places  tlie  engineer  at  an 
interactive  giaphics  terminal.  He  can  build,  check,  edit,  solve, 
and  interpret  the  results  of  a finite  element  model  static  analysis 
without  leaving  his  chair.  Many  useful  alternatives  are  controlled 
by  the  user  at  his  remote  terminal. 

The  basic  hardware  employed  is  an  inexpensive,  semiportable, 
Computek  interactive  graphics  terminal  witli  attached  hard  copier 
and  digitizing  tablet  (see  Figure  1).  The  terminal  is  a teletype 
compatible  device  witli  a cathode  ray  tube  (CRT)  that  can  transmit 
and  display  both  alphanumerics  and  graphics.  A hand  helc'  stylus  is 
used  to  identify  point  coordinates  on  the  digitizing  tablet.  These 
coordinates  along  with  the  status  of  three  push  buttons  and  two 
switclies  are  transmitted  to  tlie  computer  for  processing.  The 
stylus  position  on  the  tablet  is  tracked  on  the  CRT,  allowing  the 
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user  to  coordinate  uis  input  with  the  displayed  inage.  The  hard 
copier  makes  8 1/2  by  1 1 inch  copies  of  the  current  image  on  the 
screen  (in  approximately  10  seconds  for  about  6 cents  each)  for 
documentation.  The  terminal  communicates  v/ith  our  XDS  Sigra  7 
conversational,  direct  access  computer  via  a standard  telephone. 
Thus,  the  user  may  locate  his  terminal  anywhere  electrical  outlets 
and  a telephone  exist. 

A finite  element  model  analysis  can  be  broken  into  three  phases: 
preprocessing  (model  generation) , problem  solution,  and 
postprocessing  (interpretation  of  results) . The  use  of  our  system 
will  be  explained  in  each  of  these  phases  and  demonstrated  with  an 
example  problem.  The  problem  involves  determination  of  internal 
loads  and  deflections  for  a swept,  multi-cell  wing  structure 
subjected  to  a simplified  landing  condition. 

PREPROCESSING 

Preprocessing  includes  building,  checking,  and  editing  a finite 
element  model  to  prepare  it  for  solution.  The  preprocessing  phase 
is  schematically  represented  in  Figure  2 . There  are  several 
methods  we  use  to  build  a finite  element  model.  The  most  common 
method  is  to  model  in  the  Interactive  graphics  mode  using  the 
finite  element  modeling  (FEM)  progreun.  Alternately,  the  data  can 
be  entered  in  card  format  directly  into  an  on-line  file  using  a 
conversational  terminal  and  the  computer's  editor  system.  The 
model  data  may  also  be  entered  onto  data  sheets,  keypunched,  then 
loaded  into  an  on-line  file  on  the  computer.  In  many  cases,  a 
small  special  purpose  computer  progreun  is  used  to  generate  sections 
of  the,,  desired  model  where  extreme  accuracy  is  required  or  where 
structural  geometry  is  very  repetitious.  For  all  methods,  the  FEM 
program  is  used  to  display  the  model  for  checking  and  to  make  any 
additions  or  necessary  corrections. 

When  using  the  FEM  progreun,  node  geometry  is  normally  digitized 
directly  to  the  computer  utilizing  actual  scale  drawings  or  layouts 
of  structural  cross  sections  as  shown  in  Figure  3.  Optionally, 
points  can  be  keyed  in  (to  obtain  a more  accurate  location)  or 
specified  as  vertical  or  horizontal  from  previously  defined  nodes. 
Bar  elements  may  be  indicated  between  these  nodes  while  in  this 
two-dimensional  'mode.  The  wing  problem  was  entered  using  the 
parallel  rib  stations  as  the  entry  planes,  A typical  CRT  display 
of  one  of  these  sections,  as  copied  by  the  attached  hard  copier,  is 
shown  in  Figure  4 . The  type  of  operation  performed  is  controlled 
by  the  menu  items  on  the  CRT  and  the  position  of  the  buttons  and 
switches  on  tiie  digitizing  tablet.  For  example,  after  the  first  of 
the  two  similar  root  sections  was  idealized,  the  menu  item  "DUP 
ALL* , along  with  the  appropriate  Y station  value  of  the  second 
station,  was  indicated.  Thi^  is  done  by  moving  the  hand-held 
stylus  across  the  tablet  until  tne  cursor  on  the  screen  is  in  the 
target  "O*.  The  stylus  is  then  depressed  on  the  tablet  which  sends 
the  tablet  coordinates  of  tliis  point  to  the  computer.  The  computer 
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decodes  this  into  a selection  of  the  appropriate  menu  item.  For 
tlie  "DLP  ALL"  item,  the  computer  responds  with  a prompt  on  tlie 
screen  to  enter  tlie  new  plane  station.  After  these  data  are  typed 
in  from  tlie  keyboard,  all  elements  in  the  current  plane  are 
duplicated  at  the  newly  defined  plane.  The  other  rib  stations  are 
entered  by  using  the  "NEW  CLT"  option  on  the  menu  and  arc  digitized 
as  was  the  first  rib. 

After  building  all  cross  sections,  a three  dimensional  display  is 
obtained  by  indicating  the  "EXIT"  item  of  the  "2-D  Node  Building 
Mode"  menu.  Control  is  then  transferred  to  the  "3-D  Element 
Building  Mode",  The  first  activity  in  this  mode  is  the  display  of 
the  three-dimensional  projection  of  the  current  model  in  the  last 
defined  orientation  with  a new  menu  along  the  right  hand  edge  of 
the  screen.  This  display  is  shown  in  Figure  5 for  the  example 
problem.  All  remaining  connection  elements  are  now  added.  This  is 
accomplished  by  indicating  the  appropriate  element  type  from  the 
menu,  and  then  indicating  the  corresponding  nodes  on  the  model. 
Representations  of  tlie  elements  (bars,  bending  bars,  shear  panels, 
triangular  plates,  and  quadrilateral  plates)  are  shown  immediately 
on  the  CRT  as  they  are  generated,  thus  providing  graphic  assurance 
of  model  correctness.  Many  options  are  available  in  tliis  mode  and 
are  displayed  as  a menu  along  the  right  hand  side  of  the  screen. 
One  such  option,  "WINDOW",  allows  magnification  of  the  specified 
portion  of  the  display  for  ease  in  viewing  or  inputing  data  in 
complex  areas.  This  display  is  obtained  by  indicating  the  menu 
item,  then  the  lower  left  and  upper  right  corner  of  the  desired 
view.  The  screen  is  erased,  tlie  indicated  portion  of  the  model  is 
rescaled  to  fill  the  screen,  and  the  display  redrawn.  A companion 
mehu  item,  "PAN" , allows  the  operator  to  move  the  center  of  the 
window  to  a new  point  on  the  structure  (at  the  same  scale  factor) 
as  indicated  by  the  location  of  the  cursor.  Thus,  he  can 
effectively  pan  across  the  structure  in  discrete  steps  at  a 
magnified  scale.  Additional  menu  items  allow  the  input  of  reaction 
and  applied  load  vectors,  load  magnitudes  (for  up  to  six 
conditions),  and  symmetry  plane  (if  any).  The  example  problem, 
with  reaction  and  force  vectors  at  this  stage  of  completion,  is 
shown  in  Figure  6. 

The  problem  is  then  stored  in  a data  file  in  the  appropriate  format 
for  one  of  the  following  three  computer  codes:  NASTPAN,  ICES 
STRUDL,  or  CASD.  A set  of  standard  program  control  "cards"  and 
default  value  element  properties  are  automatically  inserted  into 
the  data  file  by  the  program. 

On  some  models,  we  have  saved  80  percent  of  the  time  over  the  old 
metliod  of  submitting  tabulated  data  for  keypunching.  The  example 
problem  took  46  minutes  of  "clock  on  the  wall  time"  and  expended 
approximately  7 dollars  of  computer  costs  to  bring  it  to  this  stage 
of  completion, 
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At  this  point  in  the  idealization,  a listing  of  the  data  file  is 
typically  obtained  on  either  a time-share  alphanvimeric  terminal  or 
a high-speed  batch  printer  (See  Figure  2)  and  appropriate 
solution  commands  and  element  properties  edited  from  the  default 
values^  these  same  datci  can  be  edited  for  dynamic  analysis  (e.g., 
add  inertia  matrix)  and  solved  for  mode  shapes  and  frequencies 
using  the  computer  code  consistent  with  the  data  format. 
Additional  preprocessing  programs  can  be  run  for  such  functions  as 
adding  the  appropriate  job  control  language  header  cards  and 
performing  additional  data  checks.  For  large,  complex  models,  the 
geometry  can  be  plotted  on  a remote  plotter  to  obtain  larger  copies 
of  ttie  structural  idealization.  At  the  end  of  tiiese  operations, 
the  completed  model  is  ready  for  sol-  tion.  Portions  of  the  NASTPAN 
card  image  data  file  generated  for  the  example  problem  are  shown  in 
Figure  7, 

Having  formulated  the  input  data  using  preprocessing  programs,  such 
errors  as  "key  punen  errors",  data  in  wrong  card  columns,  incorrect 
node  number  reference,  etc.,  are  largely  eliminated  and  the 
probability  of  a successful  solution  on  the  first  try  is  greatly 
increased. 


PROBLEM  SOLUTION 

Solution  can  be  initiated  by  a command  from  the  user's  remote 
terminal,  as  shown  in  Figure  8.  Small  problems  (less  than  C50 
degrees  of  freedom) , such  as  the  example  problem,  are  usually 
solved  using  an  abbreviated  version  of  CASD  which  can  be  executed 
in  real  time  on  the  XDS  Sigma  7 computer.  Larger  problems,  and  all 
NASTPAN  and  ICES  STRL'DL  analyses,  require  a batch  solution  on  our 
IBM  360/195-195  computer.  In  either  case,  results  are  normally 
routed  back  to  an  on-line  disk  file  for  suLseruent  batch  listing 
and  evaluation  using  postprocessing  programs. 

POSTPROCESSING 

Postprocessing  includes  all  processes  that  operate  on  the  solucion 
results.  The  postprocessing  phase  of  our  system  is  schematically 
represented  in  Figure  9,  For  example,  the  first  postprocessing 
operation  normally  executed  is  the  editing  of  tlie  solution  file  to 
find  any  error  statements.  This  can  be  performed  at  any  terminal 
connected  to  the  direct  access  computer. 

The  primary  postprocessing  tool  is  a program  called  VUOUT.  Tnis 
program  allows  results  to  be  graphically  displayed  at  the  user's 
terminal.  It  permits  isometric  viewing  for  static  loads  of  the 
undeflected  siiape  with,  optionally,  the  deflected  shape  (with  any 
magnification) , buckle  shape  (NASTPAN  only) , internal  loads  for 
axial  ba'*s  and  shear  panels,  applied  joint  loads,  and  reactions  for 
static  problems.  These  may  be  displayed  with  superimposed  bar  or 
node  numbers,  and  may  be  of  t)»e  entire  model,  or  of  only  a 
specified  small  section.  In  addition,  load  sheet  (free  body) 
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displays  of  a single  bar  or  panel  clement  with  its  applied  loads 
may  be  requested.  In  this  case,  appropriate  element  properties 
(length,  area,  thickness,  modulus  of  elasticity,  etc.)  can  be 
displayed  with  the  loadn . 

The  program  first  processes  the  solution  results  line  by  line  and 
writes  che  data  into  a compacted  on-line  file  for  ready  access  by 
the  display  subroutines.  This  file  is  only  generated  during  the 
first  viewing  of  the  results.  Subsequent  reviewing  of  the  data 
bypasses  this  step.  The  display  technique  requires  only  a minimal 
amount  of  data  in  core  at  any  one  tim.e  and  hence  allows  the  results 
of  an  essentially  unlimited  size  model  to  be  displayed.  The  type  of 
display  is  controlled  by  the  menu  selections  shown  in  Figure  10. 
Actual  hard  copies  of  the  results  of  tlie  example  problem  are  shown 
in  Figures  11  through  16.  Hard  copies  provide  a permanent  record 
for  futher  study,  stress  analysis,  and  use  in  reports.  The 
graphical  displays  highlight  any  errors  and  enhance  the  engineer's 
understanding  of  the  problem,  allov;ing  a more  creative  use  of  the 
finite  element  technique. 


CONCLUSION 

The  application  of  interactive  graphics  to  finite  element 
structural  analysis  is  one  of  the  most  exciting  developments  since 
the  introduction  of  high  speed  computers.  Significant  engineering 
time  can  be  saved  and  tiie  usability  of  results  enhanced.  It  allov/s 
the  engineer  to  concentrate  on  tlie  creative  aspects  of  liis  job, 
freeing  aim  from  tedious  mechanical  tasks  of  input  coding  and 
output  data  reduction.  It  is  no  substitute  for  good  engineering, 
but  rather  provides  another  tool  for  unlocking  the  complexities  of 
intricate  structures.  Interactive  graphic  displays  of  the  problem 
and  its  solution  enhance  understanding  of  structural  interactions. 

Tlie  coupling  of  our  preprocessing  and  postprocessing  programs  to 
work  with  analysis  programs,  such  as  NASTRAN,  has  given  us  an 
inexpensive  tool  to  quickly  analyze  complex  structures.  This 
system  has  played  an  important  part  in  our  static  and  dynamic 
structural  analyses  of  several  projects  including  our  NASA  Space 
Shuttle  effort,  the  ..avy  Harpoon  missile,  and  the  NASA  Skylab,  as 
well  as  several  advanced  design  efforts.  It  has  proven  to  be  an 
effective  tool  to  eliminate  many  errors  associated  with  finite 
element  model  generation  and  interpretation  of  the  analysis 
results. 
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FIGURE  1.- 

COMPUTEK  INTERACTIVE  GRAPHICS  TERMINAL. 
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nCURE  ^ NODE  GEOMETRY  IS  ENTERED 
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HGURE  4.-  “FEM"  DISPLAY  OF  WING  ROOT 
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FIGURE  6-  -FEM”  DISPLAY  OF  COMPLETED  MODEL 
WITH  FORCE  VECTORS. 
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FIGURE  7..  CARD  IMAC  ' DATA  FOR  EXAMPLE  PROBLEM. 
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nGURE9^  POSTPROCESSING— INTERPRETATION 
OF  SOLUTION  RESULTS. 
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FIGURE  10-“VUOUT”  MENU  OPTIONS 
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FIGURE  11-  “VUOITF  DISPLAY  OF  DETAIL  SECTION  WITH 
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A SIMPLIFIED  MODAL  PLOTTING  TECHNIQUE  FOR  THE 
REPRESENTATION  OF  COMPLEX  STRUCTURAL  MODELS 
By  Stuart  L.  Hanlein 
NASA  Goddard  Space  Flight  Center 


SUMMARY 


A plotting  method  has  been  developed  that  has  proven  to  be  useful  in  rapidly 
defining  the  mode  shapes  of  a complex  spacecraft.  The  reduction  of  the  complex 
model  to  a simple  ’’stick"  plot  is  accomplished  by  augmenting  the  existing  NASTRAN 
plot  package  with  constrained  plot  elements.  Both  the  existing  NASTRAN  modal  plot 
package  and  the  ’’stick"  plots  of  a representative  mode  are  presented  for  comparison. 


INTRODUCTION 


The  NASTRAN  plot  package  provides  the  capability  of  generating  modal 
deformations  (mode  shapes)  resulting  from  real  eigenvalue  analysis.  These  modal 
deformations  of  the  structural  model  may  be  displayed  in  the  deformed  shape  either 
alone  or  superimposed  on  the  undeformed  shape.  Another  available  method  of 
displaying  the  modal  deformations  is  by  means  of  displacement  vectors  at  the  grid 
points. 


NASTRAN  MODEL  OF  THE  SPACECRAFT 


When  a complex  structural  model,  such  as  the  Applications  Tetchnology 
Satellite  (ATS),  is  being  analysed,  problems  arise  in  rapidly  identifying  characteristic 
mode  shapes  with  the  existing  plot  package.  Figure  1 shows  the  NASTRAN  plot  of 
the  undeformed  structure  in  the  launch  configuration.  This  model  consists  of  311 
grid  points,  519  beam  elements,  137  plate  elements  with  1696  degrees  of  freedom. 

The  model  was  reduced  to  217  dynamic  degrees  of  freedom  by  the  ASET  option  for 
the  eigenvalue  analysis,  rigid  format  no.  3. 

Figure  2,  showing  the  deformed  shape  of  the  ATS  structure  superimposed 
on  the  undeformed  shape,  illustrates  the  difficulty  in  interpreting  the  mode  shape 
from  this  type  of  plot.  Orthographic  projections  of  the  modal  deformations  such 
as  the  side  view  shown  in  Figure  3 and  the  top  view  shown  in  Figure  4 are  helpful 
but  these  are  confusing  also  because  of  all  the  lines  crossing  over  each  other. 

Plots  of  subassemblies  or  selected  structural  elements  may  also  be  generated  but 
then  all  of  the  components  must  be  put  together  to  get  the  total  composite  mode  shape. 
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This  approach  would  require  a considerable  number  of  separate  plots  and  views  to 
obtain  one  mode  shape.  For  the  example  of  the  ATS  model,  there  are  at  least  six  (6) 
separate  structural  subassemblies  that  would  have  to  be  plotted  and  compared. 

The  use  of  displacement  vector  plots  causes  even  more  lines  to  be  generated 
on  the  already  crowded  plot  picture  which  only  tends  to  confuse  the  modal  repi  esenta- 
tion  of  this  complex  structure. 


SIMPLIFIED  PLOTS 


TRW  Corporation  of  Redondo  Beach,  California  has  written  a simplified 
modal  plot  routine  for  interpreting  mode  shapes.  This  routine  is  used  to  generate 
modal  plots  of  structures  undergoing  modal  vibration  tests  in  their  Computer 
Oriented  Modal  Control  and  Appraisal  System  (COMCAS).  This  routine  consists 
of  plotting  the  relative  displacement  of  selected  points  on  the  structure  being 
tested  (in  this  case,  the  ATS  spacecraft).  These  points  are  instrumented  (directly 
or  indirectly)  on  the  structure  for  obtaining  modal  displacement  response  data. 
Orthographic  "stick"  type  plots  of  these  modal  displacements  in  the  three  principle 
displacement  axes  versus  the  spacecraft  longitudinal  or  vertical  axis  are  generated. 
Figure  5 is  typical  of  the  TRW  stick  plots  comparable  to  a NASTRAN  projection  of 
a mode  shape  shown  in  Figure  3 . 

CONVERSION  OF  NASTRAN  MODAL  PLOT  TO  STICK  PLOTS 


In  order  to  compare  the  NASTRAN  mode  shapes  with  the  TRW  plotted  mode 
shapes,  the  ATS  structural  model  was  "modified"  to  provide  TRW  type  stick  plots. 
The  basic  idea  was  that  the  TRW  stick  plot  grid  points  are  "tied"  to  the  NASTRAN 
model  by  the  use  of  SPC  and  MPC  cards  and  the  plotting  program  was  instructed 
to  plot  only  the  stick  points.  A "Z"-axis  for  the  structural  model  was  generated 
with  PLOTEL  cards.  This  generated  Z-axis  was  coincident  with  the  Z-axis  of  the 
basic  coordinate  system.  Spacecraft  stations  along  this  axis  were  indicated  with 
appropriate  numeric  labels.  Points  representing  structural  components  of  the 
ATS  were  selected  on  this  Z-axis  to  correspond  with  the  TRW  points.  These 
points  were  then  fully  constrained  to  the  original  structural  model  by  SPC  and  MPC 
cards  to  yield  the  desired  displacements.  For  example,  to  obtain  a plot  of  Y-axis 
modal  displacement  vs.  Z-axis  location , all  degrees  of  freedom  of  the  plot  points 
except  the  Y-axis  components  are  constrained.  The  purpose  of  this  is  to  locate 
the  position  of  the  undeformed  zero  deflection  upon  the  newly  created  Z-axis. 
(Incidentally  this  creates  a raft  of  user  warning  messages  about  unconnected 
internal  grid  points).  Then  these  points  were  appropriately  connected  by  PLOTEL 
cards  to  give  a continuous  stick  type  plot  of  the  spacecraft.  The  NASTRAN 
produced  stick  plot  shown  in  Figure  6 is  the  equivalent  of  the  TRW  plot  of  Figure  5. 
By  comparison  of  these  two  figures  it  is  quite  evident  that  the  modal  representations 
are  the  same.  Obviously  a separate  set  of  MPC  and  SPC  cards  is  required  to 
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represent  each  displacement  direction.  Thus  each  plot  point  on  the  spacecraft  will 
have  to  be  designated  by  a new  grid  point  identification  for  each  specific  modal 
displacement  plot  desired.  The  displacements  may  be  enlarged  by  scaling  factors 
to  emphasize  the  moonl  deflections  (or  to  get  closer  agreement  in  this  case).  An 
ordinate  axis  could  be  created  for  the  NASTRAN  generated  stick  plot  by  introducing 
more  PLOTEL’s  and  labeling  them  accordingly.  This  would  have  to  be  done  in 
combination  with  a printout  of  the  modal  displacements  from  the  NASTRAN  solution. 
By  selecting  different  plotting  symbols  it  is  possible  to  follow  the  modal  displacement 
of  the  prime  structural  components  of  the  spacecraft. 

CONCLUDING  REMARKS 


I 


|! 


i. 


A quick  glance  at  the  simplified  plots  of  the  three  (3)  principal  displacement 
axes  will  make  the  identification  of  the  mode  shape  much  easier  than  with  the 
I standard  plot  package.  Bending  modes  and  torsional  modes  become  quite  obvious 
: with  these  plots  as  seen  in  Figures  7 and  8.  For  the  ATS  spacecraft,  six  (6)  plots 

j were  generated  for  each  mode.  In  addition  to  the  three  (3)  plots  of  the  X,  Y and  Z 

^ displacements,  three  (3)  separate  plots  of  the  solar  array  portion  of  the  spacecraft 
were  generated  to  provide  complete  modal  data.  This  was  necessary  in  order  to 
j give  a better  i ^presentation  of  the  breathing  modes  of  this  very  flexible  portion 
• of  the  spacecraft.  The  organization  of  the  stick  plot  package  should  be  carefully 

I planned  in  advance  to  g^ve  the  maximum  amount  of  modal  data  with  the  minimum 

number  of  plots.  It  is  felt  that  this  t3rpe  of  simplified  stick  plot  will  be  helpful 
I for  investigating  the  mode  shapes  of  complex  structural  models. 
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Figure  1.-  NASTRAN  Plot  of  the  Undeformed  Structvirsil  Model  of  the  Applications 
Technology  Satellite  (ATS)  in  the  Launch  Configuration.  (This  figire  is 
the  best  quality  reproduction  that  could  be  made  from  the  original  conputer- 
generated  plot  obtained  by  the  author.) 


Figure  2.-  NASTRAN  Plot  of  Modal  Deformation  Superimposed  on  the  Undeformed 
Shape  (mode  shape  1) . (This  figure  is  the  best  quality  reproduction  that 
could  he  made  from  the  original  computer-generated  plot  obtained  by  the 
author . ) 
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Figure  5»-  HASTRAN  Plot  (Z-X  plane,  side  view)  of  Modal  Deformation 
Superimposed  on  Undeformed  Shape  (mode  shape  1).  (This  figure  is 
the  best  quality  x*eproduction  that  could  be  made  fjrom  the  original 
computer -generated  plot  obtained  by  the  author.) 
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Figure  k..  NASTHAS  PXut  (X-Y  plm.j^top  vie.)  of  f 

the  ““",iSVLe‘“^  SHrlglnel 
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M^utS-pnereied  ilot  uhteined  hy  the  euthor.) 


Figure  5--  TRW  Stick  Plot  of  Y-Displacement  Along  X-Axis  from  Vibration 
Test  (experimentally  determined  plot). 
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Figure  6.-  KASTRAN  Stick  Plot  of  Y-Displacement  Along  the  Z-Axis 
(analytically  determined  plot). 


f 


E 

c U 
^ rp 

X O. 


400  k 


c 

. . 0» 

0 ^ 

1 a 


> .*2 
-o 


400h 


Ul 

15  c 

11 

i/» 

**0 


350 

—t B- 


300 


250 


200 


Z (spacecraft  stations)' 


350 


300 


•+250- 


■4200- 


Z (spacecraft  stations) 


350  ^ 

4001 — o^.  V B 


250 


200 


150 


^ 1 100 


r iO 


-H50- 


HlOO 


'100 


Figure 


Z (spacecraft  stations)  — — ► 

7.-  NASTRAN  Stick  Plots  of  ATS  Spacecraft  Y-Axis  Bending  Mode. 
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Figure  8.'  \TS  Spacecraft  Toralonal  Mode  Shape  In  Stick  Plot  Format. 
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NASTRAN  POSTPROCESSOR  PROGRAM  FOR 
TRANSIENT  RESPONSE  TO  INPUT  ACCELERATIONS 

By  Robert  T.  Wingate,  Thomas  C.  Jones,  and 
Marla  V.  Stephens 

NASA  Langley  Research  Center 


SUMMARY 


The  description  of  a transient  analysis  program  for  computing  structural 
responses  to  Input  base  accelerations  Is  presented.  A "hybrid"  modal  formula- 
tion Is  used  and  a procedure  Is  demonstrated  for  generating  and  writing  all 
modal  Input  data  on  user  tapes  via  NASTRAN.  Use  of  several  new  Level  15 
modules  is  Illustrated  along  with  a problem  associated  with  reading  the  post- 
processor program  Input  from  a user  tape.  An  example  application  of  the  pro- 
gram is  presented  for  the  analysis  of  a spacecraft  subjected  to  accelerations 
Initiated  by  thrust  transients.  Experience  with  the  program  has  indicated  it 
to  be  very  efficient  and  economical  because  of  its  simplicity  and  small  central 
memory  storage  requirements. 


INTRODUCTION 


Design  loads  In  aerospace  subassenijlles  or  components  are  often  specified 
In  terms  of  Induced  acceleration  at  the  mounting  Interface.  This  concept  has 
been  traditionally  used  to  qualify  aerospace  hardware  by  subjecting  It  to 
prescribed  Input  accelerations  on  a vibration  exciter.  Transient  analyses  of 
subassemblies  for  prescribed  acceleration  Inputs  at  the  Interface  are,  there- 
fore, valuable  for  designing  and  augmenting  vibration  tests,  and  for  computing 
design  loads  where  vibration  tests  are  not  practical. 

The  transient  analysis  in  the  current  level  of  NASTRAN  (Level  IS.l)  does 
not  directly  provide  for  input  acceleration  forcing  functions.  By  using  the 
artifice  of  placing  a large  mass  (with  respect  to  the  total  system  mass)  at  the 
desired  acceleration  input  point,  an  Input  force  equal  to  the  total  mass  times 
the  prescribed  acceleration  will  approximate  an  acceleration  Input.  Theoreti- 
cally, as  the  fictitious  added  mass  becomes  Infinite,  the  answer  becomes  exact. 
But  as  the  mass  becomes  large,  the  mass  matrix  tends  to  become  111  conditioned. 
Experience  hem  Indicated  the  "fictitious  mass"  approach  Is  not  desirable. 

In  addition,  the  current  NASTRAN  transient  analysis  allows  for  Initial 
conditions  only  In  the  direct  formulation.  The  modal  formulation,  which  Is 
generally  faster  and  more  economical  to  run,  assumes  zero  Initial  conditions. 

In  transient  analyses  of  prestrained  structures  (such  as  a missile  just  prior 
to  a burnout  transient),  the  Initial  conditions  become  very  Important  In  pre- 
dicting the  magnitude  of  the  structural  loading. 


PRECEDING  F^GE  BLANK  NOT  FILMED 
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The  purpose  of  this  paper  is  to  describe  a transient  analysis  program 
which  has  been  developed  Lo  circumvent  the  abovementioned  NASTRAN  limitations. 
This  program  employs  a modal  fonaulation  and  allows  for  nonzero  initial  condi- 
tions. It  is  assumed  that  the  modal  input  data  have  been  generated  and  written 
on  user  tapes  by  NASTRAN.  Hence,  the  program  is  termed  a postprocesso.  program. 


A complete  derivation  of  the  program  theory  is  presented  along  with  a 
detailed  discussion  on  the  generation  and  reading  of  NASTRAN  user  tapes.  This 
exercise  demonstrates  the  versatility  of  several  of  the  new  modules  added  to 
Level  15.1  as  well  as  some  of  the  limitations  of  user  tapes.  Finally,  an  example 
application  of  the  program  to  the  transient  analysis  of  a spacecraft  is  presented. 
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SYMBOLS 

rigid  body  transformation  matrix  for  )l  set 

internal  members  load  vector 

identity  matrix 

stiffness  matrix 

mass  matrix 

generalized  meiss  matrix  (equation  BIO) 

coupled  flexible  body,  rigid  body  mass  matrix  (equation  5) 
matrix  of  modal  element  force  vectors 

expansion  of  rigid  body  transformation  matrix  to  g set 
vector  of  displacement  components 

time  derivation  of  modal  coordinate  vector  (equation  10) 
critical  viscous  modal  damping  coefficient  matrix 

eigenvalue  matrix 

matrix  of  modal  eigenvectors 
vector  of  modal  coordinates 


Subscripts:  (See  Appendix  A) 

0(  subset  of  total  members  in  structure 

Y subset  of  g set 
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Notation: 


[ 1 
[ ] 


square  or  rectangular  matrix 


transpose  of  matrix 
diagonal  matrix 
column  matrix 


PROGRAM  THEORY 


In  this  section,  the  theoretical  basis  for  a program  to  compute  the 
transient  response  of  a structure  to  acceleration  forcing  functions  is  given. 
The  equations  of  motion  are  developed  in  terms  of  a "hybrid"  modal  formulation 
and  reduced  to  a form  which  makes  maximum  use  of  NASTRAN  generated  eigenvalue 
data.  Numerical  solutions  to  the  resulting  equations  are  discussed  along  with 
treatment  of  the  initial  conditions.  Finally,  equations  are  presented  for  con- 
verting the  modal  response  data  into  transient  member  loads  and  grid  point 
accelerations . 


In  the  derivations  an  attempt  has  been  made  to  generally  utilize  the  nota- 
tion presented  in  the  NASTRAN  Manuals  (ref ere  ces  1,  2,  and  3)  for  ease  of 
reading  and  implementation  of  the  resulting  & latlons.  In  particular,  the  set 
notation  of  Appendix  A,  which  is  taken  from  Section  1.7.3  of  reference  3,  is 
used  throughout;  although,  the  r set  has  a somewhat  different  meaning  herein. 
This  difference  will  become  apparent  in  the  course  of  the  derivation. 


Equations  of  Motion 


Assuming  no  external  loads  are  acting  on  the  grid  points  of  a structural 
system,  the  undamped  equations  of  motion  for  displacement  set  become 


HQ  * HQ  ■ “ 


(1) 


where 


C«aJ  and  are  the  reduced  mass  and  stiffness  matrices,  respec- 

tively (see  Section  3.5  of  reference  2).  It  is  assumed  that  the  system  described 
by  equation  (1)  is  not  completely  constrained  against  rigid  body  motions  (l.e.  , 
it  can  have  from  1 to  6 rigid  body  degrees  of  freedom).  Equation  (1)  may  be 
partitioned  as  follows: 


Mji  0 ( 

“ir  l“rr 


- 0 


(2) 
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if  con- 


where  by  definition,  the  subset  {u  } of  the  displacement  vector  {u  }, 

r 3, 

strained,  would  be  just  sufficient  to  eliminate  rigid  body  motion  without  intro- 
ducing redundant  constraints.  Selection  of  the  subset  {u^}  is  arbitrary  and 

for  the  present  analysis  it  is  chosen  to  correspond  to  the  input  acceleration 
degrees  of  freedom  (a.d.o.f.),  and  it  is  specified  on  a NASTRM  "SUPORT"  Bulk 
Data  Card.  It  should  be  noted  that  by  using  the  r set  for  input  accelera- 
tions,the  a.d.o.f.  are  restricted  to  a maximum  of  six.  This  restriction  is  not 
a major  limitation  since  the  base  of  many  components  can  be  assumed  to  be  rigidly 
constrained  to  a plane.  The  redundant  points  in  the  base  can  thus  be  assumed 
to  be  rigidly  attached  to  a cingle  acceleration  input  point. 

The  mathematical  problem  at  hand  is  to  determine  the  transient  response 
of  the{u^}  subset  to  prescribed (u^)  inputs.  A solution  using  a modal  formula- 
tion is  presented  in  the  following.  This  approach  allows  a significant  reduction 
in  size  of  the  problem  with  little  loss  in  accuracy  by  truncating  the  number  of 
modes  Included  in  the  solution. 

Modal  Coordinate  Transformation 

The  following  "hybrid"  transformation  between  modal  coordinates  (C)  and 
physical  coordinates  (u)  is  introduced; 


is  the  matrix  of  eigenvectors  of  the  structure  with  the  {u^}  coordinates 

constrained  to  zero  (see  Appendix  B) ; JiT  Is  the  Identity  matrix;  and  {q} 
Is  the  vector  of  flexible  body  modal  coordinates. 

Modal  Equations  of  Motion 

Substituting  equation  (3)  Into  equation  (2) ; premultiplying  by  the  trans- 
pose of  the  transformation  matrix,  and  using  equations  (B5) , (B6) , (BIO),  and 
(Bll)  of  Appendix  B leads  to  the  following 
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and 


[«ir]  ‘ prVlt  * "L^tr  * +«rr] 


(6) 


The  upper  partition  matrix  of  equation  (4)  yields 

-1. 


{^i}  + ^ = - C*^iJ  C^ir3^“r^ 


(7) 


Adding  viscous  modal  damping  to  equation  (7)  yields  the  desired  equation 
of  motion  of  the  system  as 


(Cj)  + C28i»J{Ci>  + 5i)  ■ C»lr]'=r>  <8) 


where  3^  Is  the  critical  viscous  damping  ratio  for  the  ith  mode. 

With  the  exception  of  the  3^^  values  all  of  the  other  coefficient  values 

are  easily  obtained  as  output  quantities  from  a NASTRAN  normal  mode  analysis 
(Rigid  Format  3) . 


Method  of  Solution 

The  method  of  solution  used  In  the  program  to  solve  the  equations  Is  a 
standard  fourth  order  Runge-Kutta  numerical  Integration  routine  with  variable 
step  size  error  control.  Use  of  this  subroutine  required  reduction  of  equation 
(8)  to  first  order  and  generation  of  the  Initial  conditions  In  terms  of  modal 
coordinates.  These  procedures  are  discussed  In  the  following  sections. 

Reduction  to  first  order  equations.  - Integration  via  the  Runge-Kutta  Sub- 
routine requires  the  system  equations  to  be  a set  of  first  order  differential 
equations  of  the  form 

>2*  * * * ^n^^  j - 1,  2,  ...  n (9) 

Equation  (8)  can  be  transformed  to  the  form  of  (9)  by  Introducing  the  auxiliary 
variable  {v^}  where 

- {v^}  (10) 

Using  equation  (10 )>  equation  (8)  than  leads  to 
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(11) 


Equations  (10)  and  (11)  are  now  a set  of  equations  In  the  form  of  equation  (9) 
(as  required)  and  are  Integrated  simultaneously. 


Initial  conditions.  - If  the  Initial  conditions  are  known  for  each  of  the 
{u  } coordinates » then  the  modal  Initial  conditions  can  be  determined  by  pre- 

3L 

multiplying  equation  (3)  by  the  matrix 


fr 


rr 


using  equations  (B5) , (B6) , and  (Bll) ; and  solving  for  to  obtain 


By  taking  the  time  derivative  of  both  sides  of  equation  (12),  the  Initial  condi- 
tions for  } can  also  be  determined  In  terms  of  {u. } and  {u  } values. 

X JC  r 

since  the  Initial  conditions  are  not  generally  known  In  terms  of  the  {u^} 

coordinates,  a different  approach  was  taken  for  the  present  program.  This 
program  assximes 

(vj^(O)}  - 0 (13) 

and 

{v^(0)}  - 0 (14) 

that  Is,  the  structure  Is  assumed  to  be  Initially  In  a steady  state  deformed 
position.  The  Initial  conditions  are  then  computed  from  equation  (ll)  as 

{{^(O))  . (15, 

Equations  (14)  and  (15)  thus  yield  the  necessary.  Initial  conditions 
for  numerical  Integration  of  equations  (10)  nnd  (11) . 
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Computed  Response  Data 


Having  obtained  the  transient  response  of  the  modal  coordinates,  it  is 
desirable  to  transform  these  variables  into  transient  member  loads  and  accelera- 
tions in  terms  of  the  physical  coordinates* 

The  member  loads  are  given  by  superposition  as 


where  is  a matrix  of  modal  element  force  vectors  for  an  arbitrary  subset 

a of  the  total  members  in  the  system  and  {F^}  is  the  total  load  vector  corres- 
ponding to  the  subset  a.  The  modal  member  load  vectors  are  obtainable  as  stan- 
dard output  from  a NASTRAN  Normal  Mode  Analysis. 

Using  equation  (10),  the  grid  point  accelerations  are  computed  from  the 
second  time  derivative  of  the  upper  partition  of  equation  (3)  to  be 


C“Yr]'"r^ 


(17) 


where  y is  an  arbitrary  subset  of  the  g set  and  ® merger  of 

the  rigid  body  transformation  matrix  with  the  o , s , and  m sets. 

The  matrices  C^gr^  ******  8®*'®>^®bed  by  NASTRAN  and  the  subject 

postprocessor  program  selects  the  subset  y to  be  picked  up  for  use  in  equation 
(17).  The  quantity  is  given  by  equation  (11)  and  ® given  input 

vector. 

If  the  quantities  {u  } and  {u^}  are  also  desired,  equation  (17)  can  be 

reduced  to  a set  of  first  order  equations  to  be  Integrated  simultaneously  with 
equations  (10)  and  (11).  For  the  present  program,  however,  this  was  not  done. 


NASTRAN  GENERATED  INPUT  DATA 


The  rigxd  body  and  flexible  body  modal  data  necessary  for  solution  of  the 
foregoing  equations  are  easily  generated  by  a NASTRAN  Normal  Mode  Analysis  and 
written  out  on  user  tapes.  Hence,  the  present  postprocessor  program  is  designed 
to  read  the  majority  of  its  input  directly  from  the  NASTRAN  user  tapes. 

A DMAP  alter  package  is  required  to  generate  part  of  the  NASTRAN  data  and 
to  write  the  user  tapes.  Also,  interrogation  of  the  user  tapes  to  read  the 
data  requires  special  considerations.  Both  of  these  aspects  are  discussed 
in  the  following  sections. 
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DMAP  Alter  Package  for  Normal  Mode  Analysis 

A listing  of  the  DMAP  alter  package  is  given  in  Appendix  C.  A brief  dis- 
cussion and  explanation  of  the  most  significant  statement  is  given  in  the 
following  tabulation.  Note  the  use  of  the  new  Level  15  modules  VEC,  UMERGE, 
and  0UTPUT2.  (See  sections  3,4,  5.2,  and  5.3  of  ref.  1 and  section  3.5  of  ref.  2) 


DMAP  Alter 

Statement  No . Function 


2 and  3 


4 through  20 


6 


7 and  8 


12  and  13 


17 


18  and  19 


21 


Merge  an  r x r null  matrix  with  the 
matrix  to  create  a pseudo  a x r 

size  rigid  body  modal  matrix 

M Krl 

Merge  the  omitted  coordinates,  single 
point  constraint  coordinates,  and  the 
multipoint  constraint  coordinates,  if 
present,  with  obtain  [^g 

Recovery  of  omitted  coordinates 
■ Poa][“ar] 


Merging  of  omitted  coordinates 


RB  , 
ar 

-> 

kl 

RB  “■ 

r°fr 

or 

L J 

Merging  of  SPC  constraints  assuming  they 
Are  zero 


Recovery  of  dependent  MFC  coordinates 

- WPnr] 

Merging  of  dependent  MPC  coordinates 


mat.  [RB^J 
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DMAP  Alter 
Statement  No. 


Function 


22  and  23 
24  and  25 


26  and  27 


Write  ^ user  tape 

Change  the  eigenvalue  problem  from  "a" 
size  to  "i"  size  In  agreement  with  equa- 
tion (89) 

Change  the  checkpointed  modal  matrix 
from  "a"  size  to  "S."  size 


29 


30  and  31 
32 


ii^n 


Merging  of  the 
to  zero  with  the  " 
“J 


£1 

0~ 


coordinates  constrained 
S."  size  modal  matrix 


Prints  [mJ 


33 


Writes  on  a user  tape 


35  and  36  Write  the  modal  deflections  (OPHIG) , 

the  modal  SPC  forces  (OQGl) , and  the 
modal  element  forces  (OEFl)  on  a user 
tape 


Interrogation  of  User  Tapes 

When  using  NASTRAM  user  tapes  for  Input  to  postprocessor  programs,  the 
analyst  must  read  the  tape  and  selectively  extract  the  required  Input  from  the 
totality  of  data  present.  This  task  requires  either  a prior  knowledge  of  the 
format  used  in  writing  the  tape  or  interrogation  of  the  tape  to  see  how  it  la 
written. 


Unfortunately,  the  user  tapes  generated  by  NASTRAN  are  written  in  unfor- 
mated binary  (i.e.  with  a mixture  of  integer,  floating  point,  and  alphanumeric 
formats).  In  addition,  some  of  the  data  is  packed  (i.e.,  zeros  omitted).  This 
randomness  eliminates  a prior  knowledge  of  the  format. 

Interrogation  of  the  tapes  using  standard  tape  dump  routines  Is  also  some- 
what futile  since  these  programs  read  and  print  all  data  In  a single  format. 

To  Illustrate  this  problem,  19  records  of  a typical  user  tape,  written  to  an  E 
format,  are  listed  In  figure  1.  Obviously,  much  of  the  data  given  Is  meaning- 
less. 
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This  Interrogation  problem  was  circumvented  for  the  present  program  by 
writing  a special  tape  dump  program  for  the  Langley  Research  Center  CDC  6000 
series  computer  to  reed  and  print  the  mixed  format.  The  program  logic  was 
patterned  after  the  NASTRi^N  module  TABPRT  and  a listing  is  given  in  Appendix 
D.  Using  the  Appendix  D program,  the  same  tape  used  to  generate  figure  1 was 
again  read  and  the  results  are  given  in  figure  2.  From  this  improved  interro- 
gation the  analyst  can  easily  find  where  desired  data  are  located  and  adjust 
the  read  statements  in  the  postprocessor  program  accordingly. 

From  the  forego5ug  discussion,  it  is  apparent  that  a postprocessor  pro- 
gram must  be  dynamic.  That  is,  the  input  read  statements  must  be  continually 
changed  to  fit  each  new  problem  after  interrogation  of  the  user  tape. 

EXAMPLE  APPLICATION 

The  subject  transient  analysis  program  was  developed  in  support  of  the 
Viking  Project,  which  has  a mission  to  soft-land  a scientific  payload  on  the 
surface  of  Mars  in  1976.  In  particular,  this  program  was  intended  to  provide 
transient  loads  and  accelerations  in  the  Viking  Dynamic  Simulator  (VDS)  shown 
in  figure  3 for  input  acceleration  transients  at  the  base  of  the  Centaur  truss 
adaptor.  The  VDS  is  a dummy  spacecraft,  which  is  dynamically  similar  to  the 
actual  Viking  spacecraft,  and  will  be  flown  on  a proof  (or  test)  flight  of 
a new  Titan  D-IT  Centaur  launch  vehicle  configuration  in  1974.  This  launch 
vehicle  will  be  used  for  the  Viking  mission  and  is  shown  in  figure  4 along  with 
the  Viking  spacecraft. 

Several  discrete  transient  events  Induce  hl^  loads  into  the  VDS  with  the 
more  prominent  of  these  being  Titan  Stage  0 Ignition,  Titan  Stage  1 Shutdown, 
and  the  Centaur  Main  Engine  Cutoffs.  All  of  these  events  were  analyzed  in 
detail  using  the  subject  program  and  some  of  the  results  from  the  Titan 
Stage  0 Ignition  were  selected  as  a typical  illustration  of  input  and  output 
data. 


Six  degree-of- freedom  acceleration  Inputs  into  the  base  of  the  VDS  were 
determined  analytically  from  a transient  loads  analysis  of  the  actual  Viking 
configuration  as  depicted  in  figure  5*  Input  to  the  transient  analysis  of  the 
actual  Viking  configuration  was  based  on  measured  force  transients  from  previous 
Titan  launches.  The  base  of  the  VDS  was  constrained  to  a plane  and  the  six  com- 
ponents of  acceleration  were  input  at  a single  grid  point  in  the  center  of  the 
base. 


A typical  set  of  input  translational  components  of  acceleration  are 
shown  In  figure  6.  The  longitudinal  (or  Z)  component  is  seen  to  be  the  most 

2 

significant  and  it  starts  at  Ig  (9.81  m/aec  ) to  represent  the  initial  gravity 
load  on  the  vehicle  resting  on  the  launch  pad.  This  gravity  loading  causes  an 
initial  condition  on  the  nodal  coordinates  {^^(0)}  as  indicated  in  equation  (16). 

The  near  sintisoidal  oscillation  of  the  Z component  after  0.5  second  is  attri- 
buted to  excitation  of  a longitudinal  mode  of  the  vehicle  by  the  initial 
thrust  transient. 
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Using  the  input  acceleration  (see  figure  6)  and  the  modal  data  (for  18 
modes)  from  the  NASTRAN  analysis,  selected  loads  for  VDS  members  and 
accelerations  were  computed  using  a viscous  damping  model  which  is  a function 
of  the  modal  frequencies.  A typical  load-versus-tlme  response  is  shown  for  a 
member  of  the  Viking  Spacecraft  Adaptor  in  figure  7.  Similarly,  the  transla- 
tional terms  of  the  acceleration  computed  for  the  top  of  the  VDS,  are  shown 
in  figure  8. 

A typical  computer  run  for  the  example  problem  on  the  Langley  Research 
Center  CDC  6600  Computer  required  a storage  of  53  OOOg  and  200  CPU  seconds 
for  execution  (incliidlng  time  for  generation  of  31  output  plots).  A comparable 
NASTRAN  transient  analysis  would  require  at  least  1202  Increase  in  storage,  and 
considerable  increase  in  CPU  time  and  calls  to  the  operating  system.  Postpro- 
cessor programs  thus  are  seen  to  offer  potential  economic  savings  in  addition 
to  special  purpose  capability. 


CONCLUDING  REMARKS 


The  transient  analysis  program  described  herein  yields  a simple,  convenient, 
and  economical  approach  for  treating  input  accelerations  and  modal  initial  condi- 
tions. Other  than  the  limitation  of  six  on  the  maximum  number  of  input  accelera- 
tion components,  the  program  is  applicable  to  a broad  spectrum  of  structural 
applications . 

The  fact  that  such  a postprocessor  program  could  be  simply  written  to  inter- 
face with  NASTRAN  demonstrates  the  expanded  utility  of  NASTRAN  via  the  new  Level 
IS  utility  modules  and  user  tape  option.  Tailor-made  programs  such  as  the  pre- 
sent one  can  be  designed  to  be  very  efficient  in  comparison  to  NASTRAN.  Thus, 
the  authors  would  encourage  further  additions  and  refinement  of  postprocessor 
convenience  modules  rather  than  expanded  capability  and  complexity  of  NASTRAN. 

In  particular  the  formats  for  writing  user  tapes,  so  that  they  may  be  easily 
read  by  postprocessor  programs,  should  be  given  prime  consideration. 
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APPENDIX  A 


THE  NESTED  VECTOR  SET  CONCEPT  USED  TO  REPRESENT  COMPONENTS  OF  DISPLACEMENT 


In  constructing  the  matrices  used  in  the  Displacement  Approach,  each  row 
and/or  column  of  a matrix  is  associated  closely  with  a grid  point,  a scalar 
pointy  or  an  extra  point.  Every  grid  point  has  6 degrees  of  freedom  associated 
with  it,  and  hence  6 rows  and/or  columi’S  of  the  matrix.  Scalar  and  extra  points 
only  have  one  degree  of  freedom.  At  each  point  (grid,  scalar,  extra)  these 
degrees  of  freedom  can  be  further  classified  into  subsets,  depending  on  the 
constraints  or  handling  required  for  particular  degrees  of  freedom.  (For  example, 
in  a two-dimensional  problem  all  z degrees  of  freedom  are  constrained  and 
hence  belong  to  the  s (single-point  constraint)  set.)  Each  degree  of  freedom 
can  be  considered  as  a "point,"  and  the  entire  model  is  the  collection  of  these 
one-dimensional  points. 

Nearly  all  of  the  matrix  operations  in  displacement  analysis  are  concerned 
with  partitioning,  merging,  and  transforming  matrix  arrays  from  one  subset 
of  displacement  conqtonents  to  another.  All  the  components  of  displacement  of 
a gi«^en  type  (such  as  all  points  constrained  by  single-point  constraints)  form 
a vector  set  that  is  distinguished  by  a subscript  from  other  sets.  A given 
component  of  displacement  can  belong  to  several  vector  sets.  The  mutually 
exclusive  vector  sets,  the  sum  of  whose  members  are  the  set  of  all  physical 
components  of  displacements,  are  as  follows: 


points  eliminated  by  multipoint  constraints 
points  eliminated  by  single-point  constraints 
points  omitted  by  structural  matrix  partitlonl.ng 

points  to  tihlch  determinate  reactions  are  applied  in  static  analysis. 


u,  the  remaining  structural  pointa  used  In  static  analysis  (points  left 

* over) 

u extra  degreea  of  freedom  introduced  In  dynamic  analysis  to  describe 

* control  systems 

The  vector  sets  obtained  by  combining  two  or  more  of  the  above  sets  are 
(4-  sign  indicates  the  union  of  two  sets) 

u ■ u 4-  u,,  the  set  used  in  real  eigenvalue  analysis 

A f Xf 

u . • u 4*  u , the  set  used  in  dynamic  analysis  by  the  direct  method 

a ft  € ■ 


I 
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u.  ■ u + u , uncon?  r ' :iined  (?!ree)  structural  points 
f a o 

u * u.  + u , a3  1 .^tx'uctural  points  not  constrained  by  multipoint  constraints 
n r 8 

u « u + u . .tl'i  structural  (grid)  points  Including  scalar  points 

g n r ^ ^ 

Up  *•  u^  + ii^  , .ill  physical  points 

In  dynamic  analysis,  additional  vector  sets  are  obtained  by  a modal  trans- 
formation derived  from  real  eigenvalue  analysis  of  the  set  u . These  are 

rigid  body  (zero  frequency)  modal  coordinates 
Cf  finite  frequency  modal  coordinates 


£.  > C the  set  of  all  modal  coordinates 

1 o f’ 

One  vector  set  is  defined  that  cooblnes  physical  and  modal  coordinates. 

The  set  Is  \ used  In  dynamic  analysis  by  the  modal  method. 

The  nesting  of  vector  sets  Is  depicted  by  the  following  diagram: 


The  date  block  USET  (USETD  in  dynamics)  is  central  to  this  set  classlflcc- 
tlon.  Each  word  of  USET  corresponds  to  a degree  of  freedom  in  the  problem. 

Each  set  Is  assigned  a bit  In  the  word.  If  a degree  of  freedom  belongs  to  a 
given  set,  the  corresponding  bit  is  on.  Every  degree  of  freedom  can  then  be 
classified  by  analysis  of  USET.  The  coaMn  block  /BITP0S/  relates  the  sets 
to  bit  numbers. 
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APPENDIX  B 


MODAL  PROPERTIES 


In  this  section,  several  identities  relating  to  both  the  rigid  body  modes 
and  the  flexible  body  modes  are  presented.  Although  these  identities  are 
perhaps  familiar,  they  are  included  herein  for  completeness  an.,  continuity 
of  notation. 

Rigid  Bo(1t  Modal  Properties 

For  periodic  motion  of  frequency  u,  equation  (2)  reduces  to  the  eigenvalue 
equation 


r*  1 *1 

V • 

2 

■•1 

’“U  ! «tr 

“ t’  ^ 

k; 

L 1 rr^ 

- 0) 

mT  'm 

L » rr 

0 


(Bl) 


The  solution  of  equation  (Bl)  yields  the  natural  frequencies  and  the  corres- 
ponding natural  modes  of  the  system.  For  the  rigid  body  modes  corresponding 
to  u • 0,  equation  (PI)  reduces  tc 


(B2) 


Since  the  rigid  body  mode  matrix  relates  the  rigid  body  motions 

in  terms  of  following  transformation  may  be  written: 

ftli,;  Pd 

%)here  ia  the  identity  matrix.  Using  equation  (B3),  equation  (B2)  gives 


j bi 

r*  •*! 

5’r  , •‘rt 

I 

(B4) 
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For  arbitrary  {u  } . displacements,  it  follows  from  the  partitions  of  (B4) 
r rig  • 

that 

MV]  * tlr]  ■ 0 CBS) 


and 

Kr  * Irr]  ' “ (B6) 


Equations  (B5)  and  (B6)  thus  yield  two  important  identities  relating  the 
rigid  body  modes  and  the  partitions  of  the  stiffness  matrix. 

It  should  also  be  noted  that  solving  equation  (B3)  for  the  rigid  body 
mode  matrix  yields 


which  is  consistent  with  equation  (41)  in  Section  3.5  of  reference  2 and  is 
the  equation  used  in  NASTRAN  Rigid  Format  3 to  compute  the  rigid  body  mode 
matrix. 


Flexible  Body  Modal  Properties 

By  definition  of  the  degrees-of- freedom,  introduction  of  the 

constraint 

{u^}  - 0 (B8) 

eliminates  rigid  body  motion  leaving  only  flexible  body  motion.  Using  equation 
(BS) , the  upper  partition  of  equation  (Bl)  yields  the  following  eigenvalue 
equation  for  the  flexible  body  modes: 

° (B9) 

The  modal  matrix  ^ eigenvectors  of  equation  (B9)  is  shown 

in  reference  4 to  satisfy  the  following  orthogonality  relationships! 


The  above  equations  provide  the  foundation  for  modal  formulation. 
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APPENDIX  C 


DMAP  ALTER  PACKAGE 


01 

02 

03 

OU 

05 

06 
OT 
08 

09 

10 
11 
12 
13 
lU 

15 

16 

17 

18 

19 

20 
21 
22 
23 
2U 

25 

26 

27 

28 

29 

30 

31 

32 

33 
3l» 

35 

36 

37 


ALTE.K  dl 

VtC  USET/VA/C«N*A/C*NtL/C*N*W  % 

OHf  f tt«VA/MBA/C«N»0/CtNf2/C*N*2  i 
EQUIV  HBAiPBF/OMlT  S 

CONU  LBOMtOHlT 

MPYAU  GO,HBA»/RoO/C,N»0/C*N*l/C,N»0/C,N,l  S 

VtC  USET/VF/C*NfF/C*N*A/C*N*0  !> 

MERGE  HBA*R80t*tfVF/RBF/c*NtO/CtNf2/C»N*2  S 

LABEL  LBOM  $ 

EQUIV  ABF«RBN/SiNGLE 

CONU  LBBSt SINGLE  S 

VEC  USET/VN/CtN*N/C*NtP/C#NfS  i. 

MERGE  RBF«»f «tVN/RBN/C*N,0/C«N«2/C*Nt2  % 

LABEL  LBSS  S 

EUUiV  RBN*RBG/MHCF2  S 

CONO  lBMM»MPCF2  S» 

MPYAU  GM«RBN»/RBM/C«N«0/C*Nf l/CtN*0/CtN«l  S 

VEC  USET/VG/C*N*G/C*NtK/C*N*M  % 

MERGE  RBNfRBMvf •*VG/Rt)G/r.*N«0/CfN*2/CfN«2  S 

LABEL  LBMH  S 

MATGPK  GPL«USETtSlLfRBG//c«N»R/C*N*G  < 

0UTPUT2*  *«tt//C«N*-l/C*N*ll  $ 

0UTPUT2*  RBG«***//CtN«0/C*Ntll  % 

ALIEN  89fB9 

REAO  KLLtMLL*«*EEOtfCASFCC/LAMA,PHlL«MltOEIGb/ 

alter  91*91 

CHKPNT  LAHA»PHlL«Ml»OEiGS  S 

alter  93 

OMERGE  US£T»PHlL*/PHIA/V*KtMAJ0R=A/V*N*S080sL/V*N.SUBl=R  S 
MPYAU  MLLfDMtMLR/TMP/C»N,0/C*N*l/C*N»l/C*N*l  i 

MPYAU  PMIL*TMP*/M1R/C*N*1/C*N*1/C*N*0/C*N*1  S 

MATPRN  MlRtt**//  » 

OUTPOT2*  M1R**«»//C*N*0/C*k«11  S 
alter  lOS 

0UTPUT2*  OPHIG«OQGltOEFi**//C*N*0/ :«N*11  S 
0UIPUT2*  ♦*t*//C*N*-9/C*N*il  $ 

enualter 


»r»r>r>»r*'OC*ri  on 


APl'KNDIX  D 

MUl,TI-l’OU>LVr  TAl’i:  DUMP  PKOGRAM 

PrtOoHAH  A3930  (INPUT. OUTPUT. TAPE5=INPUTtTAPe6=0UTPUT»TAP£l> 


C 

This  PROGPAM  REAUS  ANY  TAPE  WITH  VARIA3LE  LENGTH  BINARY  RECORDS  C 

RLOUEST  tape  must  BE  LAUElEO  AS  TaPEI  C 

ThE  program  OETERHINES  TM£  MODE  (REAL. INTEGER  OR  ALPHA)  OF  EACH  WORD  C 
ON  The  tape,  C 

ThE  program  then  PRInTS  EACH  RECORD  IS  THE  CORRECT  FORMAT.  C 

C 


••.•o*#a*«a.**aa.*.a»***,****ao**a*****a*a*#**«#*»«aa#*aa*.aa«.*c 

DIMENSION  NN(Sn)  tFH(3>.FHTaO»  * ** 

DATA  FM  /Th.AIO.Sa  . 6H»£iS.7  » 7H*U0t5X  / 

DATA  FMTCD.FHTOOI.CPAREn  /4HU1X  • iH)  t iH)  / 

REWIND  I 
WR1TE{6«U 

1 FOWMATUHI) 

N.<tc=0 

2 ICNT-lVAR<l*NN.0»Si3) 

ifucnt.eo.o)  stop 
IFdCNT.LT.O)  GO  TO  7 
NRtC=NREC«l 
wPlTEi&>3)  NREC 

3 FORMAT (IH  .«REC0R0»U) 

DO  6 IsI.ICnT.B 

DO  A Jal.e 
J2=I*J-i 

call  WHAT<NN(j2).NTVPE) 

FHTa*J)»FM(NTtPE) 

IFtJ2.EO.lCNT)  GO  TO  S 

« continue 

CO  TO  6 

5 FMT(a.J)*CPAREN 

6 wR1TE(6.FMT)  (NN(J) tJaltJa) 

60  TO  2 

7 wRlT£(6*8) 

ft  FORMAT  (IM  »30H*«»*P  ARXTY  ERRO  R***»> 

STOP 

END 
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APPENDIX  D - CONTINUED 


Sl'BHOuTINE  WHATlNtNTYPE) 

C THIS  SUuROUTInE  OETERMISLs  The  mode  of  n 
C HTYP£=1  if  N is  ALPHA 

C NTyPE=2  if  n is  real 

C NTYPE=3  if  n is  integer 

integer  Bd 

DATA  Id/AdOOOO/ 
call  hStiFTldB.-2A) 
call  BSHFTtBB*  2<*> 

IFlIABSt  N ) .LE. 9999909999)  GO  TO  UO 
M=N 

call  RSHFTI  M 
call  RSMFK  H t 2<» 

IF(  H .NE.BB)  GO  TO  100 
M=N 

call  RSHFK  H *SA) 

IF(  H .LT.I.OR.  M .GT-.A7)  GO  TO  lOO 
M=N 

CALL  RSHFTI  H *”6) 
call  RShFTI  H »S0) 

IF(  H .LT.I.OR.  M .GT.47)  60  TO  lOO 
C ALPHA  I 

NTYPEsI 
GO  TO  A 

C heal  2 

100  nTYP£=2 

. GO  TO  4 

C INTEGER  3 

140  NTYPE-3 

4 RETURN 

END 
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Figure  1.  - User  Tape  Interrogation  Using  Standard  Tape  Dump 
Program  and  Writing  to  an  E Format 
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Figure  1.  - Concluded 


Figure  2.  - IJser  Tape  interrogation  Using  Tape  Dump  Program  of  Appendix  D 


Figure  3.  - Viking  Dynamic  Simuiator 
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Computed  Input  Acceleration 
at  Spacecraft  Adaptor  Interface 


Figure  5.  - Viking  Configuration  Used  to 
Determine  Input  Acceleration -Time 
Histories 
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Figure  6.  - Translational  Accelerations  Used  As  input 
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Figure  7.  - Typical  load  Versus  Time  for  a Member  of  the 
Viking  Spacecraft  Adaptor  Truss 
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Figure  8.  - Output  Acceleration  at  the  Top  of  the  Viking 
Spacecraft 
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